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ABSTRACT

In recent years considerable attention has been given to reduce the use of fossil fuels
for heating and cooling applications. Large amounts of thermal energy at low
temperatures from the process industries are released into the atmosphere, which
causes thermal pollution. The Absorption Heat Transformer (AHT), being principally
heat operated, is a useful tool to upgrade this low temperature rejected heat to the
required heat energy at higher temperatures for useful applications. The desalination
of seawater is one of such applications, which requires heat input at higher
temperatures. Therefore, integrating the AHT and the desalination system for the aim
of seawater desalination can significantly contribute to improve energy utilization
and also the energy conservation. This thesis presents theoretical investigations on

AHT based desalination systems.

Alternative configurations of AHT systems using LiBr/H,O as the working fluid and
integrated with a water purification system are analyzed and optimized
thermodynamically. First, the waste heat from a textile factory is utilized to run the
AHT systems and the generated high temperature heat is employed for the purpose of
desalination. A computer program is developed in the EES (Engineering Equation
Solver) to investigate the effects of different parameters on four different
configurations of AHT and the desalination system. It is shown that applying
different modifications can increase the coefficient of performance (COP) of the
AHT and consequently the productivity of the desalination system. The maximum

flow rate of the distilled pure water reaches 0.2435 kg/s when waste heat from the

il



condenser is utilized by the evaporator. The risk of crystallization of LiBr is lowered

in the modified configurations.

In the subsequent section of the study the waste heat from a novel cogeneration cycle
based on the recompression supercritical carbon dioxide (S-CO,) Brayton cycle is
utilized to produce power through a transcritical CO, power cycle and pure water by
means of distillation process. Alternative configurations of AHT systems are
employed to upgrade the lower temperature waste heat in order to run desalination
system. It was found that in the best configuration, both the energy and exergy

efficiencies are about 5.5-26% and 9.97-10.2% higher.

The thermodynamic performance of the absorption chiller using (H,O+LiCl) as the
working pair was simulated and compared with the absorption chiller using
(H,O+LiBr). The effects of evaporation temperature on the performance coefficient,
COP, generation temperature, concentration of strong solution and flow rate ratio
were also analyzed. The results showed that the coefficient of performance of the
absorption chiller, using (H,O+LiBr) at the optimum conditions, was around 1.5-2%

higher than that of (H,O + LiCl).

Keywords: Absorption Heat transformer, absorption chiller, Alternative

configurations, Desalination, LiBr+H20, crystallization
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Oz

Son yillarda, 1sitma ve sogutma uygulamalarinda fosil yakit kullaniminin
azaltilmasima 6zen gosteriliyor. Proses sanayilerinde acgiga cikan ¢cok miktarda diisiik
sicakliktaki 1s1l enerji atmosfere birakilarak termal kirlilik yaratiliyor. Esasen 1s1 ile
calistirilan Absorbsiyonlu Is1 Doniistiiriictisii (AID), bu diisiik sicaklikta atilan 1s1y1
baz1 uygulamalarda ihtiyag duyulan daha yiiksek sicakliktaki 1s1 enerjisine
yikseltmek i¢in kullanilabilecek yararli bir geregtir. Deniz suyunun tuzdan
arindirilmasi, yiiksek sicaklikta 1s1 girdisine ihtiyac duyulan bahse konu
uygulamalardan biridir. Bu yiizden, deniz suyunu tuzdan arindirmak igin, AID’1
aritma sistemi ile entegre ederek enerjiyi daha etkili kullanma ve enerji tasarrufu
konularina katkida bulunmak miimkiindiir. Bu tez raporu, AID ile birlesik su aritma

sistemlerinin kuramsal arastirmalarini icermektedir.

Bir su aritma sistemi ile entegre edilen ve LiBr/H,O calisma akigkanini kullanan
farkli AID yapilandirmalar analiz edilerek termodinamik optimizyasyonlar yapildi.
Once, bir tekstil fabrikasinda agiga ¢ikan atik 1sidan yararlanilarak AID sistemleri
calistirilmis ve bunlardan elde edilen yiiksek sicakliktaki 1si, su aritma maksath
kullanilmigtir. Dort alternatif diizende kurulmus AID iiniteleri ile entegre edilmis su
aritma sistemlerinin degisik parametrelerini incelemek i¢in EES (Engineering
Equation Solver) yazilimi kullanarak bir bilgisayar programi gelistirilmistir.
AlID’lerde uygulanan degisikliklerin sogutma tesir katsayilarini (S7K) ve buna bagh
olarak aritma sisteminin tretkenligini artirdigi gozlemlenmistir. Yogusturucudan

c¢ikan atik 1s1, buharlastirici tarafindan kullanildig1 zaman aritilmig suyun azami akis



hiz1 0.2435 kg/s’ye ulasiyor. S6zkonusu alternatif AID sistemlerde, LiBr akiskaninin

kristallesme riski de azaliyor.

Arastirmanin daha sonraki kisminda, yeniden sikistirma kritik iistii karbondiyoksit
(S-CO,) Brayton ¢evrimine dayali yeni bir kojenerasyon ¢evriminden agiga ¢ikan
atik 1s1 kullanilarak, transkritik CO, ¢evrimde gii¢ iiretimi elde edilmis ve damitma
islemi yapilarak saf su elde edilmistir. Degisik diizeneklerde tasarlanan AID
kullanilarak diisiik sicaklikta elde edilen atik 1s1y1 daha yiiksek sicakliklara ¢ikarmak
suretiyle tuzdan arindirma sistemi beslenerek calistirilmistir. En iyi diizenekte, enerji
ve exerji verimliliklerinin yaklasik yiizde 5.5-26 ve 9.97-10.2 daha yiiksek oldugu

gbzlemlenmistir.

Akigkan ¢ifti olarak (H,O+LiCl) kullanan absorbsiyonlu sogutma gurubunun
termodinamik performanst simule edilmis ve (H,O+LiBr) kullanan sogutma
gurubuyla kiyaslanmistir. Ayni zamanda, buharlasma sicakliinin S7TK’na, iiretim
sicakligina, giiclii solusyonun konsantrasyonuna ve akis hizi oranmna etkileri
degerlendirilmigtir. Sonuglar, (H,O+LiBr) ciftini optimum sartlarda kullanan
absorbsiyonlu sogutma gurubunun, (H,O + LiCl) kullanana gore, S7TK’nin yiizde 1.5

— 2 civarinda daha yiiksek oldugunu gostermistir.

Anahtar Kelimeler: Absorbsiyonlu 1s1 doniistiiriiciisii, absorbsiyonlu sogutma

gurubu, alternatif diizenekler, tuzdan arindirma, LiBr+H,0, kristallesm
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Chapter 1

INTRODUCTION

1.1 Background

With fast economic growth and constantly increasing energy consumption, the
utilization of low-grade energy is becoming more and more important for the world.
Large amounts of low-temperature waste heat are released daily from many

industrial plants to the atmosphere at temperatures between 60 and 100 °C.

A heat transformer is a device, which can deliver heat at a higher temperature than
the temperature of the fluid, by which it is fed. Absorption heat transformer systems
are attractive for upgrading the waste heat from industrial processes and the heat
generated from solar and geothermal sources. In addition, they can be used to
upgrade the low temperature waste heat from a process to be used in a secondary
process. The integration of AHTs with different kinds of cycles plays an important

role in energy saving or even energy efficiency increment.

Figure 1.1 shows the general schematic of the absorption heat transformer in a single
stage mode. The single stage absorption heat transformer (SAHT) basically consists
of an evaporator, a condenser, a generator, an absorber and a solution heat exchanger
(SHE). The generator and evaporator are supplied with waste heat at the same
temperature leading to increased heat that can be collected at the absorber. The AHT

performs in a cycle, which is the reverse of absorption heat pump [1].
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Figure 1. 1 Single stage absorption heat transformer [2]

1.2 Absorption Heat Transformers

The operating system of the basic absorption cycles is briefly explained as follows:

Refrigerant vapor is produced at state 4 in the evaporator, by low or medium-grade
heat source. The refrigerant vapor dissolves and reacts with the strong refrigerant-
absorbent solution of LiBr+H,O that enters the absorber from state 10, and weak

solution returns back to generator at state 5.

The heat released from the absorber will be higher than the heat input in the
generator and evaporator due to the exothermic reaction of the absorber and
refrigerant in it. In the generator some refrigerant vapor is removed from the weak
solution to be sent to the condenser and consequently the strong solution from the
generator is returned to the absorber. After condensing the vaporized refrigerant in
the condenser, it is pumped to a higher pressure level as it enters the evaporator. The
waste heat delivered to the evaporator causes its vaporization. Again the absorber

absorbs the refrigerant vapor at a higher temperature. Therefore, the absorption



cycles have the capability of raising the temperature of the solution above the

temperature of the waste heat [3].
1.3 State of the Knowledge

Modifications of absorption heat transformers have always been a big challenge in
the area of the study. One of the major problems in AHT systems is crystallization
risk, which causes the heat transfer area in the absorber to decrease and totally harms
the device. Recently Horuz et al. [1] introduced alternative configurations of AHTs
and after assessing their COPs they concluded that there were possibilities for
improving the performance. However, in order to make a more conclusive evaluation
on the performance of such modifications on the cycle, other performance
parameters such as, the crystallization risk of the absorbent, gross temperature lift
and the flow-ratio of the absorbent and the refrigerant need to be evaluated under
different working criteria. Besides these points, optimization of the alternative cycles
has not been adequately investigated before.

1.4 Scope and Objective of the Study

The present work aims at continuing Horuz and Kurt’s work [1] in a more detailed
study via a methodical comparative investigation. The main objective of the present
work is to examine in detail the performances of alternative AHT configurations
coupled with desalination and power generation systems, while at the same time

exploring alternative working fluids.

A thorough and comprehensive thermodynamics analysis and efficiency assessment
of the proposed configurations will be carried out. In order to identify the effects of
some parameters, such as AHT heat source temperature, absorber, generator and

evaporator temperatures, flow-ratio, concentration of weak and strong solutions on



the cycle performance and the quantity of distilled water, a parametric study will be
conducted and validated with the experimental data. Furthermore, all the cycles will

be optimized thermodynamically using the Engineering Equation Solver software.
1.5 Organization of the Thesis

The upcoming chapters in this thesis are as follows:

Chapter 2 deals with an inclusive and comprehensive literature review, which
investigates the major arrangements and configurations of single stage absorption
heat transformers. In chapter 3 a fascinating case study, in which four different novel
configurations of SAHTs, have been coupled to desalination system has been
analyzed and a multi objective optimization has been done. In chapter 4, the same
configurations of AHTs have been integrated into a cogeneration cycle to analyze the
benefits of such combinations. An overview of the employed working fluids in AHTs
has been made in chapter 5 and as a case study an absorption chiller utilizing
(LiCl+H,0) has been presented. And finally the last chapter covers some concluding

remarks of the thesis.



Chapter 2

LITERATURE REVIEW

Kurem and Horuz [2] analyzed the Absorption Heat Transformers using ammonia-
water and water-lithium bromide (H,O/LiBr) solutions. Their results showed that the
AHT system using H,O/LiBr solution performed better than the system using
ammonia water (NH3/H,O) solution. Although water-lithium bromide solution was
well suited for use in the AHTs, it still had some disadvantages, namely, corrosion,
high viscosity, limited solubility, and a practical upper temperature limit. Horuz and
Kurt [1] investigated an industrial application of the AHT system to obtain hot
process water. For this purpose, a textile factory, which generated waste heat at
90+2°C (15 ton/h is extracted from four different processes) and required hot water
for process at 120°C was chosen. In the first case, in a basic single AHT, the waste
heat was supplied to the generator and absorber at the same time (Fig. 2.1). In the
second setup the waste hot water was directed first to the evaporator and then to the
generator (Fig. 2.2). In the third system, in addition to the waste hot water
configuration of the second system, an absorber heat exchanger was included instead

of the solution heat exchanger (Fig. 2.3).
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Figure 2. 1. Schematic diagram‘of SAHT(S-Type D) [1]

Finally, the last configuration incorporated the second and third systems with the

addition of a refrigerant heat exchanger at the evaporator inlet (Fig.2.4).

It was shown that with the increase in the condenser temperature, the COPs and the
absorber heat capacity decreased. On the other hand, as the evaporator and the
generator temperatures increased, the COP and the absorber heat capacities were also
increased. Additionally, it was proved that, when the evaporator temperature was
higher than the generator temperature, the COP and the absorber heat capacity was

relatively higher (Figs 2.2-2.4).

In fact the latter is the most important result of reference [1] and this leads to the

motivation of proposing different configurations.



10

Waste
Water

Absorber

ECO

-
>

Generator

6 Restrictor 7

al

— >
11 g > —D<}— §
o . o e\ o .
>€
10 9 <X 3
Solution
Pump
F 3 4 1 !
Configuration 2
o Refrigeration L 1
© Pum @
5 - G 2
g ‘ ) ‘ 3
> <
w )
O

Figure 2. 2.Schematic diagra;n of SAHT(S-Type 1) [1]

Waste
Water

Absorber

.

12

1 Restrictor
6

Generator

-

1L4

3

i

@ <

Solution
Pump

Configuration 3

Refrigeration

N

Evaporator

r 3

Py_qp
R

-

Condenser

" A

) |

-+
-

Figure 2. 3. Schematic diagram of SAHT(S-Type III) [1]




Waste

Water R
14 > . Generator
Absorber ) Restrictor

15 .
Kl "k
. 2\ P
A 10 2 "9
Solution
18

Pump
“5 1

Configuration 4

F 3

Refrigeration '3
a 3Pump 2
€

12¢ 11

F 3

13

Evaporator

Condenser

Y

I 3

A -

Figure 2. 4. Schematic diagram of SAHT(S-Type IV) [1]

Ma et al. [4] reported the first industrial scale heat transformer by recovering waste
heat from a synthetic rubber plant, which was used to heat water from 95 to 110°C
with heat flow rate of 5000 kW, obtaining a mean coefficient of performance (COP)
of 0.470, and a gross temperature lift of 25 °C. Furthermore in this work, economic

analysis was performed and a simple payback period of 2 years was reported.

Sotelo and Romero [5] compared the performance and Gross Temperature Lift
(GTL) of an absorption heat transformer with plate heat exchangers using and
comparing water/Carrol to one using H,O/LiBr. It was proved that water/Carrol
mixture had a better performance and higher temperature lifts. Zhang and Hu [6]
investigated the performance of a new working pair H,O + I-ethyl-3-

methylimidazolium dimethylphosphate ((EMIM][DMP]) in an AHT and compared



the simulation results to those of H,O/LiBr, and Tetraethylene glycol dimethyl ether
(TFE/E181). It was concluded that H,O + [EMIM] [DMP] had excellent cycle
performances together with negligible vapor pressure and no possibility of
crystallization. It also had a weaker corrosion tendency on iron-steel materials
compared to aqueous solution of lithium bromide and could thus be used for

Industrial applications.

Zebbar et al. [7] elaborated a mathematical model for a H,O/LiBr AHT to optimize
those parameters having a significant effect on the endo-irreversible cycle for an
existing heat transformer with already dimensioned total area of heat exchangers.
This optimization was achieved through the structural bond analysis of the heat
transformer, using the coefficient of structural bond (CSB) and varied parameters
such pressure P of the AHT and solution concentration X. Results showed that the
irreversibility of the absorber and the generator played an important role on the total
entropy of the system generated with varying concentration. On the other hand, when
the pressure was varied, the generator and condenser were the critical parameters.
Furthermore at an optimal pressure ratio of 0.72 a COP of 0.486 was achieved

instead 0.479.

Rivera et al. [8] studied both theoretically and experimentally the performance of a
single-stage heat transformer (SSHT) operating with the H,O/LiBr and the H,O
/Carrolty mixtures. It was observed that almost the same tendencies and values of
the coefficient of performance and flow ratio were obtained in general for both
mixtures; however, because of the higher solubility of the water/Carrolty mixture the

SSHT operated over a large range of generator and evaporator temperatures and with



higher GTLs. It was concluded that this alternative solution could be better, serving

as working fluids in AHTs.

In another work Rivera, and Cerezo [9] introduced additives of 1-octanol and 2-
ethyl-1-hexanol, in a 2 kW single-stage heat transformer utilizing H,O/LiBr,
operating at absorber temperatures in a range of 70 and 110°C. The results showed
that at the same conditions, absorber temperatures increased about 5°C with the
addition of 400 ppm of 2-ethyl-1-hexanol to the lithium bromide mixture. Also it was

shown that the COP increased by up to 40% with the same additive.

Second law analysis of the latter mentioned work was performed far ahead by the
same team [10]. Their results demonstrated that for absorber temperatures between
(84-88) °C the highest COP and Exergetic Coefficient of performance (ECOP) were
obtained with the use of the 2-ethyl-1-hexanol (400 parts per million) additive,
reaching values of up to 0.49, 0.40 and 0.43, respectively. The lowest COP and
highest irreversibilities were obtained by using the single HO/LiBr mixture. It was
found that 2-ethyl-1-hexanol decreased the irreversibility considerably in the
absorber, thereby increasing the efficiency of this component and hence that of the

entire equipment.

Thermodynamic design data for AHTs without utilizing a heat exchanger and with

operation employing different working fluids were proposed by several researchers

[11].

Sozen and Yucesu [12] proposed a single stage AHT that used an ejector before the

absorber as illustrated in Fig. 2.5. The aim of using ejector in the mentioned cycle
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was to achieve a better mixing of refrigerant and absorber in the entrance of the
absorber. The results demonstrated that a reduction of 12% and 10% exergy losses
were possible in the absorber and generator, respectively. Sozen [13] developed a
mathematical model for simulating the performance of AHT system with NH3/water
as working fluid and powered by a solar pond. The maximum upgrading of solar
pond’s temperature by the AHT is obtained at 51.5 °C with a GTL of 93.5 °C with
COP of about 0.4. The maximum temperature of the useful heat produced by the
AHT was approximately 150°C. The exergy analysis demonstrated that the non-
dimensional exergy loss in the absorber was about 70%, while in the generator it was

above 10-20% and in the condenser it increased with the condenser temperature.

Qe —>| Evaporator Absorber |—>Q,
Ejector
104 11y 1-3— 1y
6
Heat Heat
exchanger exchanger
9 5 2
L |
8 4 3
7
Q.<{—| Condenser - Generator «(‘,:Qg

Figure 2.5. Schematic representation of Ejector-Absorption Heat Transformer
(EAHT) [12]

Shi et al. [14] presented and analyzed an ejection-absorption heat transformer
(EAHT) based on the performance analysis of the single stage, the two-stage and the

double absorption heat transformers (Fig. 2.6).
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Their results showed that EAHT had a simpler configuration than the double
absorption heat transformer and two-stage heat transformer. The delivered useful
temperature in the ejection-absorption heat transformer was higher than for a single

stage heat transformer and simultaneously its system performance was raised.
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OEv :D Evaporator 4 -
= Ejector

3 1

Y

Heat-
exchang_er

o 9 6

2

- 8 *7

Qco C: Condenser Generator C:I QGE

Figure 2. 6. Ejection-absorption heat transformer schematic diagram [14]

A

Guo et al. [15] developed a mathematical model of a vertical falling film AHT with a
water/lithium bromide solution to analyze the performance of AHTs under design
and off-design conditions (Fig. 2.7). The study showed that the proportion of exergy
losses in auxiliary components was small in design conditions, but increased rapidly
in off-design conditions. Furthermore, a novel operation strategy based on keeping
the circulation ratio invariant was proposed, leading to a significantly higher COP

and exergy efficiency under off design conditions.
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Figure 2.7. Schen;atic diagram of the vertical falling film AHT [15]

Olarte-Cortes et al. [16] analyzed the heat transfer of an experimentally untested
geometry in absorbers (Fig. 2.8) using tar impregnated graphite disk and LiB1/H,O
as working fluid. The impregnated tar was used to overcome the problem of
corrosion faced by the conventionally used steel. Their results showed that as the
Reynolds number increased from 110 to 144, the heat transfer coefficient increased,
which led to a maximum value of 954 W/m’K at Reynolds number of about 144, but

when Reynolds number increased above 147, the heat transfer coefficient decreased.
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Figure 2. 8. Schematic diagram of the experimental bench using graphite disk [16]

Absorption-demixtion heat transformer (ADHT) is a kind of absorption cycle which
makes use of a mixture exhibiting a miscibility gap at low temperatures. The
working mixtures used in this type of AHT-process have an upper critical solution
temperature (UCST) and consist of two components, with one being much more
volatile than the other. At temperatures higher than the UCST the mixture is
completely miscible, below this temperature it is partially miscible as shown in the
phase diagram (Fig. 2.9). When utilizing this phenomenon in an AHT, absorption
occurs at temperatures above the USCT and demixing (desorption) at temperatures

lower than the USCT.
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Figure 2. 9. Phase Diagram of a partially miscible solution [17]

Fig 2.10 shows a schematic of an ADHT cycle. As the working pair enters the
separator, it is demixed by rejecting heat to an external heat sink. Both mixtures are
pumped separately to higher pressures then heated in two internal heat exchangers.
The refrigerant enters the evaporator where it absorbs heat from an external source
and vaporizes, then enters through the lower part of the absorber while the absorbent
enters through the upper part. In the absorber the concentration of the refrigerant
decreases while its temperature increases. This results in the vapor mixture exiting at
temperatures higher than the inlet temperature from the upper part of the absorber.
The rest of the mixture exits from the lower part of the absorber where it is cooled in
the internal heat exchanger then throttled to a lower pressure before entering the

separator.

The generated vapor mixture enters the condenser, and rejects heat at high
temperature level to an external heat sink while it condenses. It is later cooled down
in the internal heat exchanger and throttled to the low pressure level. Finally the

liquid mixture of the absorbent and refrigerant flows into the separator and mixes
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there with the rest of the mixture. The COP of an ADHT-process can be defined as in

reference [17], which is completely different from typical AHTs:

COP= Condenser capacity/ Evaporator capacity (2.1)
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Figure 2. 10. Schematic diagram of the AHT-process using partially miscible
working mixtures with upper critical solution temperature [17]

Liquid-liquid vapor equilibrium data were used by Niang et al. [18] to investigate an
AHT process using a partially miscible working mixture of (H,O/(C;H;0C)CHO) as
an alternative to the conventional H,O/LiBr. In their work a relatively higher COP of
0.86 was estimated. Alonso et al. [19] built the first experimental set up of an ADHT
to validate its technical feasibility using n-heptane/N,N-dimethylformamide (DMF)
as working mixture. In the set up used in this work, temperature lifts of maximum

8°C and efficiencies of 0.3 — 0.4 were reported.
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As it can be seen from the literature, the optimization of the cycles and the analysis
of the crystallization risk were not paid enough attention. The present work will

attempt to address these issues.

Table 2. 1.Single stage Absorption Heat Transformer

Configuration | Teva | Teen | Teon | Tabs Working | Flow | GTL Ccop Heat Remarks Reference
() | o) | (o) | (o) Pair ratio | (°c) Source
Waste heat While the
froma Teon
Fig.2.2 80 80 25 130 | H,O/LiBr | 9.51 50 0.48 cogeneration Increases [1]
system in a the COPs
textile and the Qubs
company decrease
*Less COP
Waste heat than that of
from a S-Type [
Fig.2.3 80 73 25 130 | H,O/LiBr | 18.63 50 0.46 cogeneration *Qabs and
system in a produced [1]
textile hot water
company increased by
81.1% and
2.81%
Waste heat
from a
: : cogeneration Increase in
Fig.2.4 80 73 25 130 | H,O/LiBr | 18.63 50 0.53 system in a COP and [1]
textile
company
*14.1%, ,
,158.5% and
Waste heat 3.59%
froma increase in
. . cogeneration Cop,
Fig. 2.5 80 73 25 130 | H,O/LiBr | 18.63 50 0.55 system in a Qupeand [
textile produced
company hot water
compared to
S-Type 1
Pressure
recovery
and pre-
absorption
Fig. 2.6 s8 | 58 | 20 | 150 | H,0- 975 | - 0.5 | Solar pond ;;‘;;‘:; [14]
improves
NH; the
efficiency
of the AHT.
Higher
useful
delivered 12
SameasFig. | 70 | 70 | 30 | 90- | H,O/LiBr | 3-9 - | 043 ) e [12]
2.6 117 0.49 performance
Higher GTL
Same as Fig. | 70- | 70- | 25- | - H,0- - Max | Max - than that of
22 80 | 80 | 30 Carrol GTL~ | COP= H0-LiBr, 20
o less [20]
52°% 0.47 .
corrosivity
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Chapter 3

METHODOLOGY

Typically in the thermodynamics analysis of AHTs, the most important aim is to
increase the performance. Then, the whole cycle is modeled by using the energy
balance for the cycle, after which weaknesses are identified. In the present work, in
addition to this conventional approach, there is one major objective; namely,
mitigating the crystallization risk of the absorbent. Since the proposed cycle is a
combination of an AHT and a desalination system, it is important to determine, not
only the COP of the considered AHT cycle, but also the GTL and the amount of

distilled water.

3.1 Mathematical Model

This section describes the thermodynamic model used for the simulation of AHT
integrated systems. Each component of the considered system has been treated as a
control volume and the principles of mass and energy conservation are applied to

them. The EES software package is used for solving the equations.

The mass balance can be expressed as:
XMy — X Mgy = 0 (31)

The first law of thermodynamics yields the energy balance for each component as

follows:
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Z("ih)in - Z(nih)out + ch - Vi/cv =0 (3.2)

The following assumptions are made in this study:

L.

IL.

I1I.

Iv.

VI

VIL

VIIL

IX.

All the processes are assumed to be steady flow processes.

Changes in kinetic and potential energies are neglected.

The pressure losses due to the frictional effects in the connecting pipes of
the AHT and desalination system are neglected.

Some proper values of effectiveness are considered for the heat exchangers.
In the AHT, the solution at the generator and the absorber outlets, as well as
the refrigerant at the condenser and the evaporator outlets are all at saturated
states [1].

The evaporator and the generator of the AHT work at the same temperature
for configuration 1, since heat is supplied to them from the same source.
This assumption is made by other researchers previously [1, 21-24].
Meanwhile in configurations 2, 3 and 4 the temperature of the generator is
less than that of the evaporator. (Tgen=Teva- 7 °C) [1]

The heat source for the AHT system is the hot water generated by a
cogeneration system in a textile company. The industrial system has four
different units each of them producing 15 ton/h water at 90+2°C.

The mechanical energy consumed by pumps can be neglected.

Absorber heat is transferred to impure water as latent and sensible heat.

The distilled water is salt free.

Table 3.1 summarizes the basic assumptions and presents the input parameters used

in the simulation according to the stream numbers shown in Figures.
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Table 3. 1. The input data in the simulation

Parameters Values References
Teon (°C) 25-35 [6]
Tus (°C) 100-135 [25] and [26]
Teva (°C) 75-90 [26]
Tyen= Teva (°C) Configuration 1 |[1], [21], [27], [22]
and [23]
Tyen=Teva— 7 (°C) Configuration 2,3,4 [1]
Theat Source (°C) 90+2 [1]
Thheat Source (toN/h) 60 [1]
eECO (%) 80 [22] and [23]

3.2 Performance Evaluation

In the AHT systems the coefficient of performance (COP) is a measure of the cycle's
ability to upgrade the thermal energy given to the generator and the evaporator of the

system. It is defined as follows [1]:

cop = b (Configurations 1, 2) (3.3)
QgentQeva

cop = abstQb-ex  (Configuration 3, 4) (3.4)
Qgen+Qeva

And Quiilized 1 the useful part of the utilized waste heat for desalination purposes.
This quantity is the heat rate delivered to the water purification system by means of

the absorber of the AHT and the pre-heater as shown in Figs. 1 and 2(a-c).

Quiilized = M3 (hy4 - h13) (Configurations 1, 2) (3.5)

Qutilizea= M2 (h1s- h12) (Configuration 3) (3.6)
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Qutilized = 116 (his - hyie) (Configuration 4) (3.7)

The flow ratio (f) is an important design and optimization parameter in the AHT

systems. It is defined as the ratio of the mass flow rates of the strong solution and

refrigerant:
f=lsoTe o X

where iy is the strong solution mass flow rate, m, refrigerant mass flow rate and X

the LiBr concentration in the solution.

The heat capacities of the absorber and the generator as a function of flow ratio can

be calculated by using the following equations [1]:

__ Qabs

Qabs = 77— = (f+ Dhs — fhyo —h, (3.9)
Ggen = L = hy + g —(f+ Dhy (3.10)
Geon = &2 = (h, —hy) (3.11)
Geva = 2 = (hy —hs) (312)

In thermodynamics, the exergy of a system is the maximum useful work possible
during a process that brings the system into equilibrium with a heat reservoir. Exergy
is the energy that is available to be used. The second law efficiency of a process or
system can be defined as the ratio of the exergy of the desired output to the exergy

that is supplied to the system.

__exergy of desired output (3 13)
exergy supplied ’
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3.3 Optimization Method

The results obtain from the mathematical model reveal that the optimum quantity of
produced distilled water depends on the temperatures of the absorber, condenser,
evaporator and generator.

Therefore, the optimum quantity of the produced distilled water of working cycle can
be expressed as a function of four design parameters, as shown in the following

equation:

Maximize rhdistilled—water (T gen,Tevaa Teon, Tabs) (314)

Subject to:

100<Tu,<130°C

20<T:x<35°C

80=<T¢ya<90°C

80<Ten< 90°C (configuration 1)

70<Ten< 80°C (configuration 2, 3, 4)

Using direct search method and applying the constraints on each variable by setting
the bounds, the performance of the whole cycle is optimized by using EES software
from the viewpoint of quantity of produced distilled water. The direct search method
is based on a successive search intended to find an extremum by directly comparing
function values at a sequence of trial points without involving derivatives. This
method is deemed suitable for problems involving simulation-based optimization or
optimizing non-numerical functions, as well as, in practice, problems involving non-

smooth or discontinuous functions [28].
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3.4 Model Validation

The available data in literature were used to validate the simulation results. For the

case of the AHT cycle the experimental results reported by Rivera et al. [29] were

used. The conditions and assumptions used in their work are applied for the aim of

validation. The assumptions were as follows:

II.

I11.

IV.

V.

Heat losses and pressure drops in the connecting pipes and the components
are considered negligible.

The flow through the expansion valves is isenthalpic.

The effectiveness of the economizer is 70%.

The absorber temperature is 123 °C.

The generator and evaporator temperatures being the same are 74.1 °C.

Fig. 3.1 shows the comparison between the COP obtained from the present work

with that reported by Rivera et al. [29].
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Figure 3. 1. Validation of the simulation model developed for the AHT system.
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The figure shows an excellent agreement between the two outcomes and indicates a
decrease in the COP as the condenser temperature of the AHT system increases. In
the case of cogeneration cycle and absorption chiller some changes and

modifications will be made on the earlier mentioned subjects.
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Chapter 4

ALTERNATIVE ABSORPTION HEAT TRANSFORMER
CONFIGURATIONS INTEGRATED WITH WATER
DESALINATION SYSTEM

In this chapter, alternative configurations of AHTs, which are integrated to a
desalination system, will be investigated. Water and energy are two inseparable items
that govern our lives and promote civilization. In order to produce potable water
from the sea or brackish water several desalination techniques are employed [30].
The most developed and widely practiced desalination method is the distillation
process. The distillation of sea or brackish water can be achieved by utilizing a
thermal energy source [31]. As mentioned earlier large amounts of low-temperature
waste heat are released daily from many industrial plants to the atmosphere at
temperatures between 60 and 100 °C [1]. Absorption heat transformers can be

exploited to utilize this low-grade heat and improve energy efficiency of the plants.

The heat of absorption released in the absorber is at a temperature of about 100—

140 °C. This upgraded energy now can be used in the water purification system.

The water purification system receives its required thermal energy from the absorber
of the AHT system. The impure water is heated in the absorber where it is partially
evaporated. The two phase flow enters into the separator vessel where it is separated
into liquid and vapor. The liquid water mixes with the entering impure water before

returning to the suction pump.
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Recently Horuz and Kurt [1] introduced four different configurations of AHTs and
developed a computer code to study the effects of condenser, evaporator and
generator temperatures on the COP and absorber heat capacity of single-stage AHT

systems.

In the case of the basic set-up of an AHT, the waste hot water is supplied to the
generator and evaporator at the same time (shown in Fig. 2.1). The second used
system has such a configuration, in which the waste hot water initially is directed to
the evaporator and then generator. In the third system, in addition to the waste hot
water configuration of the second system, an absorber heat exchanger is included
instead of the solution heat exchanger. Finally, the last system incorporates the
second and third systems with the addition of a refrigerant heat exchanger at the
evaporator inlet. However, the study did not investigate the effect of parameters such
as the flow ratio, weak and strong solution concentration, heat source and gross
temperature quantities. Moreover, it would be interesting to conduct the simulations

for more conditions.

The present work aims to address this shortage and continuing Horuz and Kurt’s
work [1] through in a more detailed study via a methodical comparative approach.
4.1 Performance Analysis of Alternative Configurations

Figs 4.1-4.3 display three alternative designs of AHTs integrated with seawater

desalination systems, which were described in the second chapter and in more detail

in [1].
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Figure 4. 1. Schematic diagram of seawater desalination system integrated to a single
effect absorption heat transformer (Configuration 2)
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Figure 4. 2. Schematic diagram of seawater desalination system integrated to a single
effect absorption heat transformer (Configuration 3)
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Figure 4. 3 Schematic diagram of seawater desalination system integrated to a single
effect absorption heat transformer (Configuration 4)

The methodology described in chapter three was employed in the analysis. Energy

equations were used in EES in order to perform the simulation.
4.2 Simulation Results and Discussion

The energy, mass flow rate, flow ratio and concentration values for four different
configurations are compared for the same absorber and condenser temperatures in
Table 4.1. As the table indicates, in configuration 4, the utilized heat for the aim of
desalination is 2.2 times more than that of the heat utilized from a typical AHT.

Meanwhile the increase in the quantity of the distilled water displays a similar trend.
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Table 4. 1. Comparison of input and calculated properties of different AHT

configurations
.. | Configuration | Configuration | Configuration | Configuration
Unit
1 2 3 4
Absorber "C 130 130 130 130
Temperature
Condenser °C 25 25 25 25
Temperature
Generator °C 80 73 73 73
Temperature
Evaporator "C 80 80 80 80
Temperature
Solution heat
exchanger outlet °C 120 118.6 - -
temperature
Absorber heat
exchanger outlet °C 98.02 89.37 80 80
temperature
Evaporator heat
exchanger outlet °C - - - 68
temperature
f (flow ratio) 9.28 18.72 18.72 18.72
COPanr 0.4876 0.4584 0.4976 0.516
iy (Refrigerant flow | 0.1001 0.2002 0.2002 0.2155
rate)
Qu (Utilized heat rate | .y 2425 429 502.2 540.5
for desalination)
Twaste oul,Eva(V\/aSte
water evaporator °C 82 82 82 82
outlet temperature)
Twaste uut,Gen(\VaSte
water generator outlet | °C 82 75 73 72
temperature)
Weak solution 0.5926 0.5926 0.5926 0.5926
concentration
Strong solution 0.6565 0.6243 0.6243 0.6243
concentration
Maisited wae Distilled - 1) 0.09281 0.1642 0.1922 0.2069

water produced)

It can be seen in Fig.4.4 that as the absorber temperature increases, the COPs of all

single stage AHT configurations having the condenser temperatures above 30°C will
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decrease sharply for the T, values above 120°C. Among different configurations
when the gross temperature lift (ATG=Taps- Teva) 1S not beyond 45°C the COP is
basically unchanged for configurations 3 and 4. However, it decreases very rapidly
for configuration 2, compared to a moderate drop for configuration 1. Configuration
4 achieves the highest COP while configuration 2 delivers the lowest. The maximum
COP of configuration 4 is 12-13% higher than that of accomplished by configuration
2. For Teon=25 °C, Teya=80 °C and T,,s=130 °C, the COPs for configurations 1 to 4
are evaluated to be 0.4876, 0.4584, 0.4976 and 0.516, respectively, as seen in Fig.

4.4,

It is also observed that the lower the condenser temperature is, the higher the COP
and thus the available temperature lift will be. This observation was also made by
other researchers, who studied configuration 1[6, 23, 32] .Out of all configurations,

configuration 4 stands out as the best performer in a colder weather.

Fig. 4.5 shows the variation of COP with the absorption temperature under different
generation or evaporation temperature conditions. As it can be seen, any increase in
the absorber temperature above Ta,s—=122°C will cause a steeper drop in the COP and
the absorber heat capacity (as discussed later in Figure 4.8). This is due to the fact
that as Taps increases, the concentration of the weak solution and consequently the
flow ratio (f) increase, resulting in a decrease in the absorber heat capacity. This

result is in agreement with that reported in the literature [23, 32, 33].
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Figure 4. 4. Effects of T, on COP for different configurations at different condenser
temperatures

As shown in Fig. 4.5 the higher the generation or evaporation temperature is, the
higher the absorption and corresponding gross temperatures. It is still consistent here
that the COP follows the order of configuration 4, 3, 1 and 2 under different

generation or evaporation temperature conditions.

The variations in the concentrations of strong and weak solutions are plotted against
Tas in Fig. 4.6. The absorber will absorb more refrigerant vapor with higher
concentrations of LiBr solutions leaving the generator. The strong solution is denoted
with x,. When generating and condensing temperatures are kept unchanged, the x;
does not vary with the T, , but the weak solution increases with the T,ps, The higher
the absorbing temperature or GTL, AT is, the denser the weak solution is. As shown
in Fig. 4.6, X, in configuration 1 is more than that of other configurations while weal

solution in all the configurations is the same. The higher x, results in the higher flow
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ratio and can also cause crystallization problem of LiBr [1]. So, it can be concluded
that the possibility of crystallization within configuration 1 is higher than those of

other three configurations [34].
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Figure 4. 5. Effects of Tabs on COP for different configurations at different
evaporation temperatures

As the concentration of the weak solution increases with T, the concentration, the
concentration difference (AX) will decrease linearly and the flow ratio, f will exhibit
a parabolic increase as shown in Fig.4.7. As mentioned earlier, when the generation,
evaporation and condensing temperatures are constant, the AX and T,,s will only
vary with f, which is an important and easily controllable operation parameter.
Larger f also results in higher T, and more mechanical power losses. Under the
same operation conditions, the f is in the order of configuration 1 > configurations 2,

3 and 4. According to the results reported in the literature, the larger the
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concentration difference is, the larger the driving force for the mass transfer in the

generator or absorber [6].
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Fig.4.8 shows the variation of utilized heat output delivered to the desalination
system by AHT cycle at absorbing temperature T.ps. It is clear that as T, increases,
the absorber heat capacity and totally Q, decrease. This is due to the fact that as Taps
increases, X, and consequently flow ratio (f) increases, resulting in a decrease in the
absorber heat capacity. This result is in agreement with that reported in the literature
[23, 32]. It should be noted that for T.,,=80°C and T.,,=25°C configuration 4
provides the maximum Q, for desalination purpose. The other configurations follow
in the order of 3.2 and 1. The increment of Q, for the second configuration is due to
the fact that when the evaporator temperature is higher than the generator
temperature, the absorber heat capacity increases [1, 33]. In configuration 3, in
addition to the waste hot water system of configuration 2, an absorber heat exchanger
is included instead of solution heat exchanger, which boosts the quantity of the
utilized heat for desalination. Finally, as mentioned earlier, configuration 4 is based
on configuration 3, which additionally incorporates a heat exchanger before the
evaporator that recovers the waste heat from the condenser, would have the

maximum heat output for desalination.

The effect of the AHT heat source temperature on the AHT performance and pure
water production rate are shown in Figs. 4.9 and 4.10. Figs indicate that as heat
source temperature inrcreases, the absorber heat capacity, the COP of the AHT and
the pure water production rate increases. This is due to the fact that, increasing waste
heat or heat source temperature results in the increased AHT evaporator temperature
(and pressure) leading to a lower weak solution concentration and flow ratio (f). The

lower flow ratio results in a higher absorption heat capacity and a higher COP [1].
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Therefore the energy input to the desalination system increases causing a higher pure
water production rate, as shown in Fig. 4.10. Figs. 4.10 and 4.11 also indicate the
improvement of the proposed latter configurations of AHT systems (2-4) to the basic
AHT configuration (1) for the aim of desalination. In configurations 3 and 4 an
absorber heat exchanger and a refrigerant heat exchanger have been added, which
decreases the absorption heat capacity, but increases the total utilized heat for the
desalination purpose. Therefore the pure water production in configurations 3 and 4

are higher than the other two configurations.
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Figure 4. 9. Effect of heat source temperature on COP and utilized heat water for

desalination

The pure water production rates were investigated for Tcon=25°C, Teya=75 and 80°C

with respect to T,ps as shown in Fig. 4.11. The curves indicate similarity to Fig. 4.8

where the quantity of utilized heat for desalination purpose decreases with increasing

Tavs. The trends observed in these curves have been also reported by Yari et al [25,

33]. The figure also reveals that a higher pure water production rate is achieved when

configuration 4 is utilized, which is in coherence with the results indicated in Fig.

4.5. The distilled mass flow rates in all configurations demonstrate a rapid decline

when Ty, decreases from 80°C to 75°C.
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The effect of the GTL on the COPs of different configurations were investigated as
AT increased from 20 °C to 50 °C for T¢,n=25 °C and T.,=80 °C (Fig. 4.12). It can
be seen that the COP remains almost constant till the AT magnitudes of (38-40) °C
and then decreases rapidly at AT higher than 40 °C. From equation (ATG=Tabs- Teva)
and considering that T.,,=80 °C, the absorber temperature varies in this plot from
100-130 °C which are the highest system temperatures, furthermore, from the first
law of thermodynamics it is clear that the system has to reduce its efficiency as the
absorber increases its temperature which is in agreement with the results available in

the literature [26, 35].

The maximum COP levels are achieved with configuration 4 for T¢,,=25°C and Tey.=

80°C. The other configurations follow in the order of 3, 1 and 2.
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Figure 4. 12. Effect of Gross temperatures lift on COP for different configurations
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Fig. 4.13 examines the COP trends against the recirculation flow ratio for different
configurations and for the equal absorber and condenser temperatures of 130 °C and
25 °C. As it is seen, the COP decreases in all configurations as the recirculation flow
ratio increases [36]. This is because when the evaporator temperature increases, the
maximum system pressure will increase and the weak solution concentration will
decrease by decreasing the flow ratio. The lower flow ratio results in a higher
absorption heat capacity and a higher COP [1, 33]. Again the order of the COPs is

similar to figure 4.9.
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Figure 4. 13. Effect of flow ratio on COP for different configurations

4.3 Optimization

Using direct search method in the EES software, the amount of the distilled water
produced by each configuration has been optimized with respect to the temperatures

of the evaporator, absorber, condenser and generator. It was discovered that, the
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optimized temperatures for the condenser and generator are unchanged for each case.
The results are outlined in Tables 4.2-4.5. For all configurations the optimization was

performed for five different values of T.y,, as mentioned above.

Table 4. 2. The results of optimization for maximum amount of distilled water in
Configuration 1

T eva('C) | COP f | mu(kg/s) | T_abs('C) | T_con(°C) | T_gen(°C) | 0ukW) | X Xy
80 0.5024 | 3.475 | 0.09921 123.8 20 90 259.2 | 0.7289 | 0.566
82 0.5016 | 3.416 | 0.09882 125.6 20 90 258.2 | 0.7289 | 0.5639
84 0.5009 | 3.365 | 0.09844 127.5 20 90 257.2 | 0.7289 | 0.5619
86 0.5001 | 3.313 | 0.09806 129.3 20 90 256.2 | 0.7289 | 0.5599
88 0.4993 | 3.138 | 0.09768 130 20 90 255.2 | 0.7289 | 0.5528
90 0.4984 | 2.909 | 0.09728 130 20 90 254.2 | 0.7289 | 0.5425

Table 4. 3. The results of optimization for maximum amount of distilled water in
Configuration 2

T eva("C) | COP f | mu(kg/s) | T_abs(‘C) | T_con(‘C) | T_gen(‘C) | 0ukW) | X X
80 0.4977 | 3.629 | 0.1933 117.3 20 80 505 | 0.6845 | 0.5366
82 0.4969 | 3.556 | 0.1925 119.1 20 80 503 | 0.6845 | 0.5342
84 0.4961 | 3.485 | 0.1917 120.9 20 80 501 | 0.6845 | 0.5319
86 0.4953 | 3.416 0.191 122.7 20 80 499 0.6845 | 0.5295
88 0.4944 | 335 | 0.1902 124.4 20 80 497 [ 0.6845 | 0.5271
90 0.4936 | 3.285 | 0.1895 126.2 20 80 495.1 | 0.6845 | 0.5247
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Table 4. 4 The results of optimization for maximum amount of distilled water in
Configuration 3

T eva("C) | COP T | 1u(kg/s) | T_abs('C) | T_con('C) | T_gen('C) | OukW) | X X
80 0.5364 | 12.44 | 0.226 122 35 80 589.6 | 0.6028 | 0.5579
82 0.5321 | 8.52 | 0.2218 120.2 35 80 579.1 | 0.6028 | 0.5395
84 0.5287 | 6.861 | 0.2188 119.7 35 80 570.8 | 0.6028 | 0.5261
86 0.5258 | 5.899 | 0.2161 119.8 35 80 563.7 | 0.6028 | 0.5154
88 0.5232 | 5.056 | 0.2137 119.7 34.94 80 557.4 | 0.6031 | 0.5035
90 0.5207 | 4.764 | 0.2115 121.1 34.76 80 551.6 | 0.6041 | 0.4993

Table 4. 5.The results of optimization for maximum amount of distilled water in
Configuration 4

T eva("C) | COP f | mu(kgs) | T_abs(‘C) | T_con(‘C) | T_gen(‘C) | OukW) | X X
80 0.5549 | 12.48 | 0.2435 122 35 80 6354 | 0.6028 | 0.5581
82 0.5506 | 8.525 | 0.2391 120.2 35 80 624 | 0.6028 | 0.5395
84 0.5472 | 6.804 | 0.2356 119.6 34.98 80 6149 | 0.6029 | 0.5256
86 0.5444 | 5.823 | 0.2327 119.6 35 80 607.3 | 0.6028 | 0.5144
88 0.5417 | 5.047 | 0.2302 119.7 3491 80 600.4 | 0.6033 | 0.5035
90 0.5394 | 4.696 | 0.2279 120.7 35 80 594.4 | 0.6028 | 0.497

In all cases the highest COP and the maximum production of pure water are obtained
at T.v,=80°c. Configuration 4 displays the best performance, then configuration 3, 1
and 2 follow in descending order. The optimized COP of configuration 4 is 0.5549,
allowing a production rate of 0.2435 kg/s, which is almost 2.5 times better than that
of configuration 1. As T.y, increases, this ratio decreases. It is noticed that as Ty,

increases all the other quantities (except Tcon, Tgen and X, which tends to stay
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unchanged) are decreased and T, increased. As the evaporator temperature
increases, so does the maximum pressure of the system, which causes a decrease in
the weak solution concentration. The weaker solution concentration results in the
lower flow ratio [1]. Since generator temperature is constant in optimal conditions
and strong solution concentration is a function of T, therefore, the strong solution

concentration will remain fixed under the optimization conditions.

Jradi et al. [28] indicated that 10 L of fresh water per day is adequate for a typical
residential use. Therefore, assuming that configuration 4 operates non-stop, it will be

able to produce enough water for 2100 residential units.
4.4 Final Remarks

An analysis and optimization of four different configurations integrated in to
desalination system were presented in this study. A thermodynamic model was
developed by applying the energy analyses for each system components.
Furthermore, an optimization was performed using the EES software regarding the
quantity of distilled water rate. The model was verified through comparison between
results obtained from current model and those available in the literature for similar
operating conditions. Based on the analysis and optimization results, following

conclusions are drawn:

e Configuration 4 has the maximum COP value which is 13-14 % more than the
COP of configuration 2 which has the lowest value amongst the four
configurations.

e The lower the condensing temperature is, the higher the COP or available

temperatures lift will be.
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The higher the generation or evaporation temperature is, the higher the
absorption temperature and corresponding gross temperature achieved.
Crystallization possibility within configuration 1 is higher than other
configurations.

Configuration 1 has the highest flow rate ratio among all the configurations.
As heat source temperature is raised, the utilized heat for desalination purpose,
the COP of the AHT and the pure water production rate are decreased.

The order of utilized heat capacity and hence the pure water production rate’s
order for different configurations are: configuration 4 > configuration 3 >
configuration 2 > configuration 1.

Distilled mass flow rate increases with the increase in the COP.

The maximum pure water rate of 0.2435 kg/s was obtained in the last

configuration.
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Chapter 5

ABSORPTION HEAT TRANSFORMER
CONFIGURATIONS INTEGRATED WITH A NOVEL
COGENERATION CYCLE USING SUPERCRITICAL

CARBON DIOXIDE AS WORKING FLUID

The supercritical carbon dioxide (S-CO,) power cycle has emerged as a promising
alternative for producing higher efficiency due to its simplicity, compactness,
sustainability, enriched safety and superior economy. The S-CO; cycle has also
various advantages over helium and water based power cycles. With growing
interest in renewable energy sources, cycles with high efficiency are critical for
achieving cost-parity with non-renewable sources. Recently S-CO, cycles are not
only integrated with solar-thermal technologies [37], but also they are combined with
nuclear [25, 38] and geothermal application [39]. The turbo-machinery used in the S-
CO, cycle is more compact than that of conventional cycles due to the higher density
of CO2. Over the past decade, there has been a significant amount of researches
conducted on S-CO, power cycles and the heat transfer associated with its
components [40-45]. In the recompression S-CO; cycle, circulating CO,, which has
to be compressed in two successive stages, cools the reactor core. For
thermodynamic reasons, these compression stages require pre-cooling of the CO2 to
about 32°C through using a pre- cooler. Approximately 50% of the input energy is
inevitably rejected through pre-cooler exchangers into the heat sink [38, 46-48]. The
temperature of the working fluid entering the pre-cooler is typically in the range of
130-190°C [38, 46, 48] which makes it an usable energy source in transcritical CO2

cycles [49-52].
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Recently, Yari et.al made some efforts [53-55] to recover this thermal energy in S-
CO2 and He-Brayton cycles. In Ref. [53] they utilized this waste heat energy to
produce power through the transcritical CO2 power cycle to enhance the
performance of the cycle. In that work, the recompression S-CO2 cycle was designed
without using inter-cooling and reheating sections and the waste heat generated from

the pre-cooler was utilized in a transcritical CO2 power cycle.

It was shown that both the first and second law efficiencies of the proposed S-CO2
cycle were 5.5 to 26 % higher than that of the simple S-CO2 cycle. On the other
hand exergy destruction for the proposed S-CO2 cycle was also about 6.7-28.8%
lower than that of the simple S-CO2 cycle. The study also showed that no more than
half of the lost thermal energy in the bottoming cycle is recoverable. This thermal
energy is rejected to the environment in the pre-cooler 2. The inlet temperature of the
CO2 in the pre-cooler 2, depending on the design and operating conditions, could
vary between 75 and 80°C. This temperature range could be desirable for a
LiBr/H20 absorption heat transformer (AHT) in the desalination applications [10,

22,123,209, 35, 56, 57].

In the subsequent work they utilized this available heat in AHT where a desalination
system was coupled to it [25]. They found that not only the energy and exergy
efficiencies of the new S-CO2 cycle were higher than that of the simple S-CO2
cycle, but also a maximum pure water flow production of 3.317 kg/s was obtained
under the analyzed conditions for the new S-CO2 cycle. Recently Horuz and Kurt [1]
introduced four different configurations of AHTs and showed that their performances

can be modified. The objective of the present chapter is to examine in detail the
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performance of alternative AHT configurations introduced by Horuz [1], coupled

with cogeneration cycle investigated by Yari [25].

A thorough and comprehensive thermodynamics analysis and efficiency assessment
of the proposed configurations are performed. In order to identify the effects of some
parameters such as; main compressor inlet temperature, compressor pressure ratio,
heat source temperature of AHT and flow ratio, concentration of weak and strong
solutions on the cogeneration cycle performance and the quantity of distilled water, a
parametric study is carried out and validated with the experimental data available in
the literature. Furthermore the whole cycle is optimized thermodynamically using the

EES software [58].

5.1 Alternative Configurations Of AHTSs Integrated To The

Cogeneration Cycle

Figs. 5.1 (a-d) displays four different configurations of a combined heat and power
cycle that incorporates a S-CO2 Brayton Cycle, a transcritical CO2 Cycle and an
absorption heat transformer which is integrated to a single-effect evaporation
desalination system. A high temperature reactor is used as a thermal reservoir to

supply the heat input into the combined cycle.

As can be seen from the figures, starting with the Brayton cycle, in the main
compressor (process 1-2) a fraction of the fluid flow (CO2) is compressed to high
pressure. In the low temperature recuperator (LTR) fluid is pre-heated to the
recompressing compressor outlet temperature (process 2-3). Then, the fluid flow is
merged with the rest of the fluid flow from the recompressing compressor (point 3).

The entire fluid flow is further heated in the high temperature recuperator (HTR) up
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to the reactor core inlet temperature (process 3-4). The fluid leaves the reactor core at
the highest cycle temperature (Tax). At this temperature, it enters turbine-1, where
fluid expansion (process 5-6) generates rotational energy, which is converted into
electricity in the generator. After leaving the turbine, the high temperature fluid is
cooled in the high and low temperature recuperators (processes 6-7 and 7-8,
respectively), where the available heat is transferred to the cooler high pressure side
fluid flow. The fluid flow is split before entering the pre-cooler (point 8) in which
one part is recompressed to high pressure (process 8-3) and the other cooled in the
pre-cooler 1 to the temperature of T 3 (process 8-13). Subsequently, the fluid flow is
further cooled in the AHT and pre-cooler 2 to the main compressor inlet temperature

i.e., T| (process 13-1).

The processes of the transcritical CO2 which takes place in the Rankine cycle are as
follows: a constant-pressure heat absorption in the pre-cooler 1 (process 10-11), a
non-isentropic expansion process in turbine 2 (process 11-12) leading to electricity
production, a constant-pressure heat rejection process in the condenser (process 12-

9), and a non-isentropic compression process in the pump (process 9-10).

The AHT system mainly consists of a generator, an absorber, a condenser, an
evaporator; two pumps, an expansion valve and a heat exchanger. In this system heat
is transferred to the working fluid (LiBr/H,0) in the evaporator and the generator
from the output flow of pre-cooler 1. The system rejects heat from the absorber and
condenser. The rejected heat in the absorber is utilized to provide the required energy
in the desalination system. The sequence of processes in the LiBr/H,O absorption
heat transformer (AHT) is as follows: the weak LiBr/H,O solution (with lower

concentration of LiBr) from the absorber goes to the generator via the solution heat
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exchanger and the expansion valve respectively. Superheated water vapor comes out
of the generator and then enters the condenser where it is condensed to the saturated
liquid. Water pressure is then raised to that of the evaporator by the pump. In the
evaporator, the water is heated by the waste heat until it becomes saturated vapor.
This vapor is then absorbed in the absorber by the strong LiBr/H,O solution, which

comes from the generator (state 23).

The heat of absorption released in the absorber is in the temperature range of 100—
130 °C. This upgraded energy now can be used in the water purification systems as
Fig. 5.1 (a) suggests. The water purification system receives its required thermal
energy from the absorber of the AHT system. The impure water is heated in the
absorber where it is partially evaporated. The two phase flow enters the separator
vessel where it is separated into liquid and vapor. The liquid water mixes with the

entering impure water before returning to the suction pump.

As can be seen from Fig. 5.1 (a), when a basic AHT is used, output flow from the
pre-cooler 1 is supplied both to the generator and the evaporator. The system shown
in Fig. 5.1 (b) has such a configuration that the hot flow from pre-cooler 1 is initially
directed to the evaporator and then to the generator. In the third system (see Fig. 5.1
c¢), an absorber heat exchanger is included instead of the solution heat exchanger,
which was used in configuration 2. Finally, the last system incorporates the second
and the third system with the addition of a refrigerant heat exchanger at the

evaporator inlet as can be seen in Fig. 5.1 (d).
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5.2 Thermodynamic Analysis

This section describes the thermodynamic model used for the simulation of the four

different configurations of the cogeneration cycle. Each component of the considered

system has been treated as a control volume and the principles of mass, energy and

exergy balances are applied to them. EES software is used for solving the equations.

The equations outlined in table. 5.1 are for the first configuration [23, 25, 52, 53].

In configurations of 2, 3 and 4 added elements have been considered in the

calculations.

Table 5. 1. Energy and exergy relations for the studied cogeneration cycles

Subsystems

Main compressor

Pre-cooler 2

Recompression

compressor

LTR

HTR

Turbine 1

Me =%, n,

Energy relations

—_ hzs_hl

my = (1—x)mg

QpCZ =my(hg — hy)

Ne = (hss — hg)/(hs — hg)
W, = ms(hs — hg)
ms; = xmg
my(hs — hy) = my(h; — hg)
er = (T; — Tg)/(T; — To)
my(hy — h3) = mg(hg — hy)

eyrr = (Ts — T7)/(Ts — T5)

Ne = (hs — he)/(hs — hes)

Wry = ms(hs — he)
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s Wime = My (hy — hy)

Exergy relations

Epme =M To(S; — S1)

Eppca = myT, (hg —hy — T,(Ss — S1))

Epre = m3T,(S3 — Sg)

Epirr = myT,(Sg — S7 — (1 = x)(S3 — S2))

Epurr = MyTo(S7 + S5 — S5 — Sg)

Epr1 =msT,(S3 — Ss)



Reactor core

Pump 1

Pre-cooler 1

Turbine 2

Condenser 1

Absorber

Condenser 2

Evaporator

Expansion valve

Geneartor

HeX

Pump 2

Pump 3

Qcore = My(hs — hy)

Mp = Vo(P1o — Po)/(hyo — ho)

Wp = V9(h10 - hg)
Mg (hyq — hio) = my(hg — hy3)

N1z = (hay = P12)/(hy1 — haas)

Wr, = Myo(hyq — hyz)
Qcona = Mo(h1z — ho)
Mae(ha7 — hae) = Myghig — myzhy7
— My3hys
Qcona,z = Mya(h1q — hys)

Mepa(hiz — has) = myg(hy; — hig)

hig = hyp

mgen(h13 — ha4) = Myghyy + myihyy

— myohyg

My (has — ha) = myg(hyg — hyo)
ehex = (Tzz — T22) [ (Thg — Ta2)

Np = Vis(Pig — P1s)/(hig — hys)

Wp,z = Vis(hyg — hys)

M = V1 (Paz — P21)/(haz — ha1)

Wp,3 = Va1 (haz — ha1)

5.3 Assumptions

T,
Qcore (1 - T_D) +E,=Es+ ED,cnre
r

Epp1 = MoT,(S10 — Sy)

Eppe1 = To(mg(S13 — Sg) + m1(S11 — S10)

Eprz = MyoTo(S12 — S11)

Ep,cona = Mo(h1z — hg — To(S12 — So)
Epa = To(MygS1g + Ma7S27 — My7S17
— My3S23 — M26S26)
Ep,conaz = M1a(h1g — hys — Tp(S14 — S15))

Epeva = To(M17517 + MeyaSz4 — M16S16

- meva513)

Ep gxv = Tomy9(S20—S19)

Epgen = To(M14S14 + M31S51 + MyenSas

— MySz0 — mgenSIB)

Eptex = To(M19S19 + My3S53 — MygSisg

—my3)

Epp2 = mysTy (S16 — S15)

Epps = my1T, (S22 — S21)

The following assumptions are made in this study:
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1L

I11.

Iv.

VL

VIL

VIIL

IX.

X.

All the processes are assumed to be steady flow processes.

Changes in kinetic and potential energies are neglected.

The pressure losses due to the frictional effects in the connecting pipes are
neglected.

The turbines and the pumps have constant isentropic efficiencies [25, 53].
Some proper values of effectiveness are considered for the heat exchangers
[25, 53, 59].

The condenser outlet state is saturated liquid and its temperature is assumed
to be higher than the environment temperature [25, 59].

In the AHT, the solution at the generator and the absorber outlets, as well as
the refrigerant at the condenser and the evaporator outlets are all at saturated
states [1, 59].

The evaporator and the generator of the AHT work at the same temperature
for configuration 1, since heat is supplied to them from the same source. This
assumption is made by other researchers previously [1, 21-23, 27, 59].
Meanwhile in configurations 2, 3 and 4 temperature of the generator is less
than that of the evaporator (Tgen = Teva — 7 °C) [1, 59].

Absorber heat is transferred to impure water as latent and sensible heat [33,
59].

The distilled water is salt free [33, 59].

Table 5.2 summarizes the basic assumptions and presents the input parameters used

in the simulation according to the streams numbers shown in Figs 4.1(a-d).
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Table 5. 2. The input data in the simulation

Parameters value Ref
P,[kPa] 100 -

Py [kPa] 7400 [46]

PR[-] 1.5-5 [38]

T, [°C] 15 -

Ty, [°C] Ts-10 [51]

T3 [°C] 75 - 80 [35] and [60]
Ty [°C]=Ty5 [°C] Tot+5 [49], [51] and [52]
T, [°C] 105-120 [29, 56, 57] and [10]
T=Te [°C]; T3 [22] and [23]
(Configuration 1)

T, [°C]; Tey-7 [59] and [1]
(Configurations 2,3

and 4)

Ty [°C] T3-5 [22] and [23]
Tax [°C] 550 -750 [38], [47] and [48]
T, [°C] 35-50 [38], [47] and [48]
T, [°C] 800 [38], [47] and [48]
Ne[%] 85 [47] and [48]
np[ %] 80 [49] and [52]
nri[%] 90 [49] and [52]
Nm2[%] 80 [49] and [52]
ELTR=EHTR [%] 86 [47] and [48]
EHEX [%)] 70 [22] and [23]
Qcore [MW] 600 -
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5.3 Performance Evaluation

The first-law efficiencies of the cogeneration cycles may be expressed as: [53, 61,

62]
Whettmag(hiz3—hag) _ Whettmiz(hiz—has)
= = 51
i Qcore my(hs—hy) ( )
where,

Whet = Wnet,l + Wnet,z - (sz + Wp3) = (WTl — Wi — VVrc) + (WTZ - Wpl) - (sz +

Wp3) (5.2)

Using the exergy released in the reactor core as the input to the plant, the second-law
efficiency of the recompression S-CO2 cogeneration cycle can be defined as: [51, 53,

61]

— Wnet+Er _ Whet+m13((R13—h24)—To(S13—S24) (5 3)
Ein my(hs—hy)

N

The total exergy destruction in the basic cogeneration cycle is as follows:

Ep= Ep,me + Epet Eppe2 + Eparr + Ep LRt Ep 111 EDcoret Epp1T Eppeit Ep 12t

ED,cond1+ ED,a+ ED,cond2+ ED,ev+ ED,exv+ ED,gen+ ED,HEX+ ED,p2+ ED,pc3 (54)

It should be noted that in the cases of 2, 3 and 4 the exergy destruction rate of the

added elements have been considered.

For an AHT system the coefficient of performance (COP) is a measure of the cycle's
ability to upgrade the thermal energy given to the generator and the evaporator of the

system. It is defined as follows: [1]
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COPyyyy = —28bs (Configuration 1 and 2) (5.5)

QgentQeva

COPyr = Qabs*Cabs-ex (Configuration 3 and 4) (5.6)

QgentQeva

The flow ratio (f) is an important design and optimization parameter in the AHT
system. It is defined as the ratio of the strong solution mass flow rate; m; to the

refrigerant mass flow rate; m, :

f=—t=—nio T2 (5.7)

my Mg X217X20

where, x is the LiBr concentration in the solution. The heat capacities of the absorber
and the generator as a function of flow ratio can be calculated by using the following

equations [1]:

Qaps = ,:f: = (f + Dhyg — fhyz — hyy (5.8)

Q en
Qgen = = = hyy + fhyy — (f + Dhyg (5.9)
Mmig

5.4 Optimization Method

The results obtained from the mathematical model reveal that the optimum
performance of the cogeneration cycle depends on the following design/operating

parameters:

I.  Pressure ratio (PR)
II.  Main compressor inlet temperature (T,)
II.  Outlet temperature of the pre-cooler 1 (T}3)
IV.  AHT’s absorber temperature (T,)

V.  Turbine inlet temperature (Tpax)
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Therefore the optimum value of the first and second law efficiencies of the
cogeneration cycle can be expressed as a function of five design/operating

parameters as presented in the following equation:

Maximizen,(PR,1,,T,5,7,.T,,.) (5.10)
Subject to: (5.11)
1.5<PR[-]<5

32<T)(°C)<5
75 <Ti5(°C) < 80
105 < Taps(°C) < 120

550 < Tynax(°C) < 750

Using direct search method and applying the constraints on each variable by setting
the bounds, the performance of the whole cycle is optimized by the EES software
from the viewpoint of first and second law efficiencies. The direct search method is
based on a successive search intended to find an extremum by directly comparing
function values at a sequence of trial points without involving derivatives. This
method is deemed suitable for problems involving simulation-based optimization or
optimizing non-numerical functions, as well as, in practice, problems involving non-
smooth or discontinuous functions [28].

5.5 Model Validation

In order to validate the simulation results, the available data in literature were used.
For the case of the absorption heat transformer, the thermodynamic model was
validated using the previously published data [22, 23, 29, 35, 57, 60]. In the cases of
supercritical transcritical CO2 and recompression S-CO2 cycles, the models were
validated using the previously published data from [49, 50, 52, 61, 62] and [46-48],
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respectively. All the comparisons between the obtained results and data available in
the literature have been previously studied by Yari [25] and acceptable agreement is
witnessed.

5.6 Results and discussion

The energy, mass flow rate, flow ratio, the heat lost in pre-coolers 1 and 2 and
concentration values for four different configurations are compared for the same
absorber and condenser temperatures in Table 4.3. As the table indicates, in
configuration 4, heat lost in pre-cooler 2 is 10.83 % less than that of configuration 1.
Meanwhile there is a huge increase in the quantity of distilled water.

Table 5. 3.The Comparison of input and calculated properties of different AHT
configurations

Unit | Configuration | Configuration | Configuration | Configuration

1 2 4
Absorber °C 110 110 110 110
temperature(Typs)
Condenser °C 20 20 20 20
temperature(T.on)
Generator °C 67 60 60 60
temperature(Tge,)
Evaporator °C 67 67 67 67
temperature(Tey,)
Solution heat °C 97.1 95 - -
exchanger outlet
temperature (T»;)
Absorber heat °C - - 101.4 101.6
exchanger outlet
temperature (Ty)
Evaporator heat °C - - - 63
exchanger outlet
temperature (Ti¢)
f (flow ratio) 11.09 29.62 29.62 29.62
COPaur 0.4759 0.399 0.6458 0.6686
m(Refrigerant flow kg/s 3.08 5.888 5.888 6.337
rate)
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Weak solution 0.5769 0.5769 0.5769 0.5769
concentration

Strong Solution 0.6289 0.5964 0.5964 0.5964
concentration

Mgigtilled water(Distilled kg/s 2.721 3.782 7.645 8.229
water produced)

Qpre-cooler 1 MW 190.036 190.036 190.036 190.036
Qpre-cooler 2 MW 158.899 149.068 142.904 141.686
Qcore MW 600 600 600 600

T,=15 °C, T,,ax=550 °C,T,=35 °C, PR=3.435,T,5=75 °C

Fig.5.2 demonstrates the effects of main compressor and the turbine inlet
temperatures on the first law efficiency of the proposed configurations. It is evident
that as the main compressor inlet temperature increases, the thermal energy
efficiency for all the configurations stays almost constant. This is due to the fact that
as the main compressor inlet temperature of the S-CO2 cycle increases, the main
compressor work increases due to increase in the inlet temperature and flow rate. On
the other hand, turbine power generation decreases which leads to decrease in the
cycle net power generation. Thus, a gain in cycle efficiency can be achieved by
simply lowering the main compressor inlet temperature [46-48]. But in the case of
the proposed configurations; the main compressor work increase is compensated by

the increase of power generation in the second turbine.

As a result, any increase in the main compressor inlet temperature causes the energy
efficiency to be constant. In fact, a smaller pre-cooler having a lower cost is required.
Figure 5.2 also shows that the maximum energy efficiency for configuration 4 is
5.56-6.2% higher than that of configurations 1 and follows the order of
configurations 4, 3, 2 and 1 under different turbine inlet and main compressor

temperatures.
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It should be also noted that the thermal efficiency of the proposed configurations will
decreases by 8.3-9.5 % if the temperature of the turbine inlet decreases from 650°C

to 550°C.
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gl . . . .

ni(Thermal efficiency) [%]
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40 45
Main Compressor Inlet Temperature T4 [C]

Figure 5. 1. Energy efficiency vs. main compressor inlet temperature under two
different turbine inlet temperatures

The influence of the minimum cycle and turbine inlet temperatures on the exergy
efficiencies is shown in Figure 5.3. The exergy efficiency for all the configurations is
slightly increased as the minimum cycle temperature increases. It can be explained in
the same manner as stated in Fig.5.2. Figure 5.3 exhibits that the configuration 1 has
the highest exergy efficiency and configuration 2 possesses the lowest. This is
completely in agreement with the results shown later in Fig.5.4. Another interesting
point is that a decrease of 9.97-10.2% between the highest and lowest maximum

exergy efficiency will occur if the AHT configurations are changed.
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Figure 5. 2. Exergy efficiency vs. main compressor inlet temperature under two
different turbine inlet temperatures

Fig. 5.4 depicts the variation of the exergy destruction of the proposed cycles vs. the
main compressor inlet temperature under two different turbine inlet temperatures. As
shown in Figure 5.4, the exergy destruction of the systems decrease by increasing the
turbine inlet temperature as well as by decreasing the main compressor inlet
temperature. This is because of decrease in the difference between the minimum and
maximum temperatures. Configuration 2 possesses the highest exergy destruction
which is the main reason for having the lowest exergy efficiency shown in Fig.5.3.

Other configurations approximately have similar exergy destructions.
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Fig.5.5 shows the effect of compressor pressure ratio on the first and second law
efficiencies of different configurations of combined cogeneration cycle (CC). This
figure indicates higher thermal efficiency values for configuration 4 which is very
close to configuration 3, compared to that of other configurations. However, the

amount of efficiency enhancement is more pronounced at lower pressure ratios being
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different turbine inlet temperatures

maximum 18.84 %.

In comparison to the first law efficiency, a negligible influence on the second law
efficiency of the CC cycles is detected from the figure when the configurations of
AHT system is changed which is in agreement with the results from Fig.5.2. Fig. 5.5

also indicates that there are optimum values of pressure ratio at which the

efficiencies are maximized.
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Figure 5. 4. Effect of compressor pressure ratio on the first and second law
efficiencies of different configurations of CC cycle

The pure water production rates on behalf of four different configurations were
investigated for T13=750C, Tmax=550, 650°C and T.=100-1 10°C with respect to the
main compressor inlet temperature as shown in Figs 5.5 (a-c). As seen, generally the
pure water mass flow rate is increased either by increasing the main compressor inlet
and absorber temperatures or by decreasing the turbine inlet temperature. The trends
observed in these figues have been also reported in the literature [10, 23, 25]. The
figures also reveal that a higher pure water production is achieved when the last
configuration of AHT is utilized which is in coherence with the results reported in

[59].

63



Pure water mass flow rate [kg/s]

Pure water mass flow rate [kg/s]

—o—0—®
o—--—-o—-—«o—-;l—‘“")' o

O <
o” P O . i gk

ke ——h—— kA
—¥—Configuration 1
—a—Configuration 2
—<o—Configuration 3
«-—Configuration 4

\IIHIIIII

D

\

B A ek sl

ITa 100 [C] T13-75 [C]

-—v—--v——-r-uv---v-——v—-!—-

by ¥ -V

2 . L L L 1

LLLLLIEE |||I|||| IIIIIIIIIIlIIIIIIIIIIIIIIIIIIIIII|II\IIIIII\IIEIIIII |||1|||||||I|||||||HI|| LELLELLLLL

35 40 45
Main Compressor Inlet Temperature T, [C]

Figure 5. 5 a. T,=100°C

[&)]
o

——a—8—%
- _o—a—08—8—8—0—¢& “e—ee

...
8- G-—-@ @@

__o__+_.¢-—o—-+-<>*

i —

e = = —
—y—Configuration 1

—a—Configuration 2
—<—Configuration 3
—e—Configuration 4

T 06 Tmax=650 [C]
S max T L]

oA h—h—— A

P i i i

—v V¥
e W W W — W= W= W

Ta=105 [C], T13=75 [C]] ]

40 45
Main Compressor Inlet Temperature T4 [C]
Figure 5. 5 b. Ta=105°C

64



9 : ' ' ' N
Ly __._—Q-Or—o,o——o-o—C-—C‘.*"_.’ -o—-0—8 9
2 " wipf—nfO".‘“.H. 1
o 8p* oo oo
= | ]
] :—:10::4 - --o——-o———o——<>-——0-4°-‘°'“°"-
© 7 -_ . . i
N ——Configuration 1
g i —a—Configuration 2
= °f —<—Configuration 3
3 max —se—Configuration 4
© 5 |
g | [T.=110[C],T15=75 [C]]
"a,'-' 4r ) o d— A h—h—A—h—h—h——h— A
g i . i) ek~ k= =A== k= — A== A~k =
ke ——h—— e
< 3 _[__v__v—v—#f- L S T R B i AR S S AR
ﬂ=. :-f—v-—-v-——v——a'r——:v—-—v——J———vL——L—-v———v——vd—-v———vw—-v—-—v-—-v——#———v-——
ol . |
35 40 45 50

Main Compressor Inlet Temperature T4 [C]

Figure 5. 5 ¢..Ta=110"C
Figure 5. 5. Pure water production rate vs. main compressor inlet temperature under
two different turbine inlet temperatures

The variation of the first and second law efficiencies of the CC cycle with the
temperature of state point 13 which is essentially the heat source for the AHT is
shown in Figs. 5.7 and 5.8. Fig.5.7 indicates that as T3 increases the efficiency
decreases slightly. This is expected because, with increasing T3, the temperature of

S-CO; entering the main compressor, is increased.

The increase of the main compressor inlet temperature will result in higher power
consumption and consequently a lower W,. In addition, as the T;3 increases, the
heat recovery from recompression S-CO; cycle in the pre-cooler 1 of transcritical
CO; cycle is decreased resulting in a lower power production in turbine 2. Therefore,
according to the Eq. (1) the first law efficiency of the CC cycle decreases. Fig. 5.7
also reveals that as Ty« is decreased by 100 °C, the CC cycle efficiency decreases

by around 8-9%. The results obtained are in agreement with the results displayed in
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Fig.5.2. The exergy efficiency has a similar behavior and it can be explained in the
same manner as stated in Fig.5.7. From Fig.5.4 it is clear that the exergy destruction

of configuration 2 is the highest and so it is reasonable to have the lowest exergy

efficiency.
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Figure 5. 6. Effect of T3 on the first law efficiency of the CC cycle

The effect T3 on the AHT performance and pure water production rate is shown in
Fig. 5.5. It indicates that as T3 is raised, the COP of the AHT and the pure water
production rate are increased. This is due to the fact that, increasing T,; results in an
increase of the AHT evaporator temperature (and pressure) leading to a lower weak
solution concentration and flow ratio. The lower flow ratio results in a higher
absorption heat capacity and a higher COP [1, 33, 59]. Therefore the energy input to
the desalination system increases causing a higher pure water production rate. Fig.

5.5 also indicate that the COP and pure water production follows the order of
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configuration 4, 3, 1 and 2 which is in agreement with the results of Parham et.al

[59].
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The variations in the concentrations of strong and weak solutions are plotted against
Ti3 in Fig. 5.10. The absorber will absorb more refrigerant vapor with higher
concentrations of LiBr solutions leaving the generator. The strong and weak
solutions are denoted by X and X, respectively. When absorbing and condensing
temperatures of the AHT are kept unchanged, the X increases with the T3, but the
weak solution does decrease with the T13. The higher the heat source temperature is,
the stronger the weak solution is. As shown in Fig. 5.9, X; in configuration 1 is more
than that of other configurations while X, in all the configurations is the same. The
higher X can cause crystallization problem of LiBr [1]. So it can be concluded that
the possibility of crystallization within configuration 1 is higher than of other three

configurations [59, 63].

As the concentration of the weak solution decreases with T3, the concentration
difference (AX) will increase linearly and the flow ratio (f) will exhibit a parabolic
decrease as shown in Fig. 5.10. As mentioned earlier in [1, 59], when generation,
evaporation, condensing and absorbing temperatures are constant, AX will only vary
with f, which is an important and easily controllable operation parameter. Larger f
also results in higher T, and more mechanical power losses. Under the same
operation conditions the f is in the order of configuration 1 < configurations 2, 3 and
4. According to the results reported in the literature, the larger the concentration
difference is, the larger the driving force for mass transfer in the generator or the

absorber [3, 64].
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Figure 5. 10. Effect of T3 on AX and flow ratio for different configurations

Using direct search method in the EES software, both the first and second law

efficiencies of the four configurations are optimized with respect to the main
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compressor pressure ratio and inlet temperature, T;s, absorber temperature and
turbine inlet temperature. The results are outlined in Tables 5.4-5.7. The
optimization was performed for four main compressor inlet temperatures and five
values of the maximum temperatures for any corresponding main compressor inlet

temperature.

As the Tables indicate the optimum compressor pressure ratio for maximum first law
efficiency is highest for the first configuration compared to that of others. Also, with

increasing T}, the first and second law efficiencies grow up as expected.

It should be noted that, as T, increases the enthalpy change of the S-CO, through the
reactor core (Ahcyre) increases causing a decrease in the S-CO, mass flow rate across
the reactor. Moreover, a decrease in the S-CO, mass flow rate will lead to a lower
input energy to the AHT and desalination system. This lower input energy will in

turn lead to a lower pure water production rate as Tables 5.4-5.7 indicate.

A comparison between Tables 5.4-5.7 reveals that when the configuration 4 is
employed, the maximum first and second law efficiency and distilled water mass
flow rate, are higher than that of other AHT configurations used and follows the
order of configurations 4, 3, 2 and 1. On the other hand configuration 4 owns the

lowest exergy destruction which is a chief advantage for it.
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Table 5. 4.The results of optimization for maximum first law efficiency of the first
configuration

Ti(°C) | Tmax(°C) | T13(°C) | TA°C) | Prope | M%) | Mu(%) | mp(kels) | Ep (kI/kg) | COPapr

35 550 75.28 | 105.8 | 3.25 | 46.26 @ 60.12 2.516 175 0.4809
600 75.28 | 105.8 | 3.639 | 48.51 | 64.82 2.376 154.4 0.4809
650 75.28 | 105.8 | 4.028 | 50.55 | 67.39 2.294 143.1 0.4809
700 75.28 | 105.8 | 4.417 | 52.41 | 70.25 2.191 130.6 0.4809
750 75.28 | 105.8 | 4.806 | 54.1 | 72.74 1.979 119.7 0.4809
40 550 75.28 | 105.8 | 3.25 | 46.31 | 60.64 2.624 172.7 0.4809
600 75.28 | 105.8 | 3.639 | 48.55 | 65.03 2.563 153.5 0.4809
650 75.28 | 105.8 | 4.028 | 50.58 | 67.98 2.503 140.5 0.4809
700 75.28 | 105.8 | 4.417 | 5243 | 70.4 2.13 129.9 0.4809
750 75.28 | 105.8 | 4.417 | 54.13 | 72.79 2.187 119.4 0.4809
45 550 75.28 | 105.8 | 3.25 | 463 | 61.03 2.703 171 0.4809
600 75.28 | 105.8 | 3.639 | 48.52 | 65.25 2.592 152.5 0.4809
650 7528 | 105.8 | 3.639 | 50.57 68 2.485 140.4 0.4809
700 75.28 | 105.8 | 4.028 | 52.44 | 70.53 2.165 129.4 0.4809
750 7528 | 105.8 | 4.417 | 54.15 | 72.87 2.099 119.1 0.4809
50 550 7528 | 105.8 | 3.25 | 46.27 | 61.36 2.662 169.6 0.4809
600 7528 | 105.8 | 3.25 | 48.53 | 64.2 2.638 157.1 0.4809
650 7528 | 105.8 | 3.639 | 50.58 | 68.31 2.546 139.1 0.4809
700 75.28 | 105.8 | 4.028 | 52.44 | 70.68 2.406 128.7 0.4809
750 7528 | 105.8 | 4.417 | 54.14 | 73.06 2.139 118.2 0.4809
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Table 5. 5. The results of optimization for maximum first law efficiency of the
second configuration

Ti(°C) | Taux("C) | Ti3(°C) | Tu(*C) | Prop | m(%) | nu(%) | mn(kg/s) | Ep (ki/kg) | COPapr
35 550 75 105 | 3.247 | 48.49 | 61.47 5.084 169.1 0.464
600 75 105 | 3.584 | 50.52 | 64.74 4.604 154.8 0.464
650 75 105 3.92 | 52.38 | 67.65 4.212 142 0.464
700 75 105 | 4.264 | 54.09 | 70.27 3.881 130.5 0.464
750 75 105 | 4.611 | 55.67 | 72.64 3.6 120.1 0.464
40 550 75.61 105 | 3.059 | 48.69 | 61.65 4.964 168.3 0.464
600 75 105 | 3.385 | 50.69 | 64.94 4.509 153.9 0.464
650 75 105 3.71 | 52.54 | 67.86 4.468 141.1 0.464
700 75 105 | 4.041 | 54.24 | 70.49 4.132 129.5 0.464
750 75 105 | 4.378 | 55.81 | 72.86 3.814 119.1 0.464
45 550 75 105 | 2.922 | 48.83 | 61.8 5.901 167.6 0.464
600 75 105 | 3.241 | 50.81 | 65.1 5.265 153.2 0.464
650 75 105 | 3.558 | 52.63 | 68.03 4.748 140.3 0.464
700 75 105 3.88 | 54.32 | 70.65 4.332 128.8 0.464
750 75 105 | 4.214 | 55.88 | 73.02 3.98 118.4 0.464
50 550 75 105 | 2.809 | 48.97 | 61.98 6.24 166.9 0.464
600 75 105 | 3.117 | 5091 | 65.27 5.527 152.4 0.464
650 75 105 | 3.427 | 52.71 | 68.19 4.967 139.6 0.464
700 75 105 | 3.745 | 5439 | 54.39 4.511 128.2 0.464
750 75 105 | 4.062 | 55.94 | 73.16 4.136 117.8 0.464
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Table 5. 6.The results of optimization for maximum first law efficiency of the third

configuration

Ti(°C) | Twax(’C) | T13(°C) | Tu(°C) | Prope | m(%) | nu(%) | mn(kg/s) | Ep (ki/kg) | COPaur
35 550 75 105 | 3.193 | 49.15 | 62.33 6.672 165.3 0.5295
600 75 105 | 3.522 | 51.12 | 65.52 6.04 151.3 0.5295

650 75 105 | 3.854 | 52.93 | 68.38 5.521 138.8 0.5295

700 75 105 | 4.202 | 54.6 | 70.95 5.08 127.5 0.5295

750 75 105 | 4.543 | 56.14 | 73.28 4.711 117.3 0.5295

40 550 75 105 | 2.996 | 49.41 | 62.56 7.289 164.3 0.5295
600 75 105 | 3.312 | 51.34 | 65.77 6.538 150.2 0.5295

650 75 105 | 3.641 H 53.13 | 68.64 5.924 137.6 0.5295

700 75 105 3.97 | 5478 | 71.21 5.422 126.4 0.5295

750 75 105 | 4.305 | 56.31 | 73.53 5 116.2 0.5295

45 550 75 105 | 2.848 | 49.61 | 62.76 7.814 163.5 0.5295
600 75 105 | 3.161 | 51.5 | 65.98 6.945 149.3 0.5295

650 75 105 | 3.482 | 53.26 | 68.84 6.253 136.8 0.5295

700 75 105 | 3.802 | 54.89 | 714 5.696 125.5 0.5295

750 75 105 | 4.125 | 56.4 | 73.71 5.233 115.4 0.5295

50 550 75 105 | 2.722 | 49.79 | 62.96 8.316 162.6 0.5295
600 75 105 | 3.033 | 51.64 | 66.18 7.325 148.4 0.5295

650 75 105 | 3.346 | 53.37 | 69.03 6.559 135.9 0.5295

700 75 105 | 3.664 | 54.98 | 71.58 5.942 124.7 0.5295

750 75 105 | 3.986 | 56.48 | 73.88 5.435 114.6 0.5295
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Table 5. 7.The results of optimization for maximum first law efficiency of the fourth
configuration
T1(°C) | Tuax(°C) | Ti3(°C) | To(°C) | Prope | m(%) | nu(%) | mp(kg/s) | Ep (ki/kg) | COPppr

35 550 75 105 | 3.174 | 49.38 | 62.34 7.026 165.3 0.5478
600 75 105 | 3.503 | 51.32 | 65.54 6.519 151.2 0.5478
650 75 105 | 3.833 | 53.12 | 684 5.958 138.7 0.5478
700 75 105 | 4.181 | 54.77 | 70.97 5.481 127.4 0.5478
750 75 105 | 4.517 | 563 | 73.3 5.084 117.2 0.5478
40 550 75 105 | 2.971 | 49.66 | 62.57 7.89 164.3 0.5478
600 75 105 | 3.288 | 51.56 | 65.79 7.067 150.2 0.5478
650 75 105 | 3.617 | 53.32 | 68.66 6.399 137.6 0.5478
700 75 105 | 3.946 | 54.96 | 71.23 5.854 126.3 0.5478
750 75 105 | 4.277 | 56.47 | 73.55 5.399 116.1 0.5478
45 550 75 105 | 2.824 | 49.87 | 62.76 8.464 163.4 0.5478
600 75 105 | 3.138 | 51.73 | 65.99 7.511 149.3 0.5478
650 75 105 | 3.456 | 53.47 | 68.86 6.762 136.7 0.5478
700 75 105 | 3.777 | 55.08 | 71.42 6.154 125.4 0.5478
750 75 105 | 4.101 | 56.58 | 73.74 5.65 115.3 0.5478
50 550 75 105 2.69 | 50.07 | 62.94 9.034 162.6 0.5478
600 75 105 | 3.004 | 51.88 | 66.19 7.939 148.4 0.5478
650 75 105 | 3.314 | 53.58 | 69.04 7.103 135.9 0.5478
700 75 105 | 3.639 | 55.18 | 71.6 6.422 124.6 0.5478
750 75 105 | 3.958 | 56.66 = 73.91 5.873 114.5 0.5478

Based on the results indicated in Tables 5.4-5.7, it can be concluded that, the

maximum first law efficiency, under optimized condition, for the fourth
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configuration is around 6.5% higher than that of configuration 1 which owns the
minimum first law efficiency. In the case of second law efficiency, a similar behavior
is observed between configuration 4 and 2 which possess the maximum and
minimum efficiencies. But the improvement of the second law efficiency is in the
range of 2.6-3.7%. However, these enhancements are higher at higher pressure ratios.
Under the optimum conditions for a minimum temperature of 50 °C in the main
compressor inlet, the pure water flow rate of 9.034 kg/s is obtained at Ty,.x=550 °C.
Jradi et al.[28] indicated that 10 L of fresh water per day is adequate for a typical
residential. Therefore, assuming that configuration 4 operates non-stop in the
optimized situations, it will be able to produce enough water for 78’209 residential
units that is 339.3 % higher than that of first (basic) configuration which is an
impressing result. The value of minimum temperature has little effect on the
optimization results as Tables 5.4-5.7 show. However, from these Tables it is found
that increasing the minimum temperature will increase the first and second law
efficiencies, compressor pressure ratio and decrease distilled mass flow rate as
expected. It is noticed that T, tends to stay unchanged in all the configurations and
COP follows the order of configurations 4, 3, 1 and 2 which is completely in
agreement with the results reported in the literature [1, 59].

5.7 Final Remarks

An analysis and optimization of a novel cogeneration cycle based on the
recompression S-CO2 Brayton cycle for waste heat recovery through a transcritical
CO; power cycle and pure water production by means of distillation process was
presented in this study. Furthermore, performances of the four cycles were optimized

for maximum first and second law efficiencies. The model was validated through
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comparison between results obtained from current model and those available in the

literature for similar operating conditions.

Based on the analysis and optimization results, following conclusions are drawn:

v

When configuration 4 is employed, the first and second law efficiencies and
distilled water mass flow rate, are higher than that of other configurations used
and the efficiencies follow the descending order for configurations 4, 3, 2 and 1.
Configuration 4 owns the lowest exergy destruction which is a major advantage
for it.

Crystallization possibility within configuration 1 is higher than the other
configurations.

As heat source temperature is raised, the utilized heat for desalination purpose,
the COP of the AHT and the pure water production rate are decreased.

The maximum pure water rate of 9.034 kg/s was obtained by configuration 4

under the analyzed conditions.
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Chapter 6

ALTERNATIVE WORKING FLUIDS IN ABSORPTION
CYCLES

The cycle performance of refrigeration cycles not only depends on their
configuration, but also on the thermodynamic properties of working pairs regularly
composed of refrigerant and absorbent. The commonly used working pairs in
absorption cycles are aqueous solutions of either lithium bromide—water or
ammonia—water. However, corrosion, crystallization, high working pressure and
toxicity are their major disadvantages in industrial applications. Therefore, seeking
more advantageous working pairs with good thermal stability, minimum corrosion
and without crystallization has become the research focus in the past two decades. In
this chapter, the objective is to review the novel working pairs of working fluids
from the family of ionic liquid and utilizing one of them as a representative in an

absorption chiller.
6.1 lonic Liquids In Absorption Cycles

Ionic liquids (ILs) are room-temperature melting salts that can remain in the liquid
state at near or below room temperature. ILs have attracted considerable attentions
due to their unique properties, such as negligible vapor pressure, non-flammability,
thermal stability, good solubility, low melting points and staying in the liquid state

over a wide temperature range from room temperature to about 300°C.

The above-mentioned highly favorable properties of ILs motivated us for carrying

out a review of the available ILS found in the literature as the working fluids of
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absorption cycles. Absorption cycles contain absorption heat pumps, absorption

chillers and absorption transformers.

The requirements of working fluids of absorption cycles are as follows [3]:

1. The difference in the boiling point between the pure refrigerant and the mixture at
the same pressure should be as large as possible,

2. Refrigerant should have high heat of vaporization and high concentration within
the absorbent in order to maintain low circulation rate between the generator and the
absorber per unit of cooling capacity,

3. Transport properties that influence heat and mass transfer, e.g., viscosity, thermal
conductivity, and diffusion coefficient should be favorable,

4. Both refrigerant and absorbent should be non-corrosive, environmental friendly,

and low-cost.

Ionic liquids (IL) are a class of low-temperature molten salts, which are constituted
by an organic cation and an inorganic anion. During recent years, ILs have been used
as organic green solvent in catalysis, separation process, electrochemistry and many
other industries for their unique physical and chemical properties, such as negligible
vapor pressure [65], negligible flammability and thermal stability [66], low melting
temperature and liquid state over a wide temperature range and good solubility[67].
In particular, the low volatility of the ILs enables easy separation of the volatile
working fluid from the ILs by thermal stratification with the minimum harmful
impacts on environment [68].ILs can be a substitute for some of the most used toxic
working fluids (such as ammonia/water) in absorption cycles. Since many of the

Ionic Liquids have melting points below the lowest solution temperature in the
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absorption system (~300) [69].

compatibility problems of water/LiBr system.

They also wipe out the crystallization and metal-

As illustrated in Table 6.1 a comparison was made among different Ionic liquids in

order to choose suitable working pairs. Among the most of ionic liquids, water was

chosen as refrigerant due to its superior properties as a heat transfer fluid; such as

large latent heat of evaporation followed by extremely small flow ratio resulted in its

high performance. Selecting working fluids for absorption cycles should be suitable

for initial operating conditions and limitations, such as crystallization, corrosion

problems, and environmental limits and also material requirement should be

considered.

Table 6. 1. Characteristic comparison of different working fluids.

Working pair

References

Absorption cycle

Remarks

H,0 + [EMIM][DMP]

[64]

AC

COP lower than that
of H,O + LiBr by 7%,
but still higher than
0.7

H,0 +[EMIM][BF4]

AHP

High COP due to:

-Suitable
compatibility of water
with [EMIM][BF4]

-Superior properties of
water as a heat
transfer fluid, such as
large latent heat of
evaporation

small
(water)

-Extremely
refrigerant
flow rate

H,O + [EMISE]

[71] and
[72]

AHP

Colorless ionic liquid,
EMISE is easy to
absorb the water vapor
in the air.
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Less  crystallization
and corrosion risk

+
H0 + [DMIM] DMP [73] AC thanH,O+LiBr in air
cooled absorption
chiller
Non-toxicity, non-
flammability and low
cost, high circulation
ratios in comparison
with conventional
absorption
COx+ [74] and AHP refrigerators, increases
[BMPYRR][Tf2 N] [75] the energy necessities
of heating and
pumping processes
Methanol+[EMIM][D [76] AHP Strong absorbing
MP] ability for coolant
Ethanol+[EMIM][DM
P]
Suitable vapor
[MMIM][DMP] + [72] AHP Pressure, heat
water/ethanol/ capacity, excess
methanol enthalpy, low
viscosity
[MMIM][(CH 3) [77] AC High COP, low flow
2P04] ratio
[EMIM][(CH3) 2P0O4] [77] AC High COP, low flow
ratio
High COP, high
refrigerant  capacity,
higher gas-emission
scope and circulation
CH3O0H + [3] AHP ratio than NH;+H,O,
[MMIM][DMP] fewer requirements of

generating  pressure
and condensing
pressure than

conventional system.
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6.2 Absorption Chiller Utilizing (Licl+H,0) As The Working Pair

The investigated study case in this section is a single stage absorption chiller using
(LiCl1+H20) as the working pair. Recently has been an unprecedented research
interest in vapor absorption refrigeration and heat pumping in order to reduce CO2
emissions for a healthy environment and balanced ecology. To pursue the desire to
reduce the greenhouse gas CO, to levels of 1990s, the United Nation Framework
Convention on Climate is urging a phase out of CFC and HCFC fluids. This
movement has encouraged research into environmental friendly refrigerants such as
water and other binary solutions. These researches have led to the use of low grade
energy systems like vapour-compression cycle systems for heating and cooling as
compared to other heating and cooling systems. Aside from economic benefits,
improving the efficiency of like vapour-compression cycle systems are effective
means of curbing CO, emissions. The vapour-absorption cycle is considered to be
the best in terms of energy performance today. In addition, it has the potential to be
improved among the several heat-powered cycles [78]. In comparison with other
vapour-compression cycle, the absorption cycle has a low efficiency reputation
although this is a result of an unfair comparison between them, but the environmental

concern calls for high efficiency, pollution-free refrigerators and heat pumps.

The essential condition in absorption chillers is the availability of an inexpensive or
even free heat source such as waste (or rejected) heat. Several studies have been
made using solar energy [79, 80]. Absorption cooling is based on the strong chemical
affinity between two working fluids; the refrigerant and the absorbent, the former
having a much lower vapour pressure than the latter. In a single-effect absorption

chiller, at a lower pressure and temperature level, the refrigerant is evaporated using
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the heat removed from the conditioned space and absorbed by the absorbent solution.
At a higher pressure and temperature level, a heat source provides the energy needed
to extract the absorbed refrigerant vapour from the solution, which is subsequently
regenerated and ready for the next cycle. Water, as a refrigerant and lithium-bromide
as an absorbent are one of the most used working fluid pairs in current absorption

chillers [81].

One of the earliest dynamic simulations of absorption refrigeration systems has been
performed by Jeong et al.[82] for a steam driven heat pump. The model assumes
solution mass storage in the vessels, thermal capacity heat storage, and flow rates
(vapour and solution) are calculated according to the pressure differences between
vessels. Later, Fu et al. [83] developed a library of elemental dynamic models for
absorption refrigeration systems (CHP applications), in which the components are
described as lumped processes involving two-phase equilibriums. In a series of two
papers, Kohlenbach and Ziegler [84] presented a simulation model and its
experimental verification for a single-effect water/LiBr chiller. As a special feature,
all of the thermal capacities have been divided into an external part (influenced by
the temperature of the external heat carriers) and an internal part (influenced by the
temperature of the refrigerant or the absorbent). Moreover, a transport delay time has
been assumed in the solution cycle. Matsushima et al. [85] developed a program
using object-oriented formulation and parallel processing to simulate the transient

operation of a triple-effect absorption chiller.

A special algorithm based on the pressure difference and flow resistance between the
generators and the absorber has been used to calculate the flow rate of solution. Wu

et al. [86] experimentally studied the equilibrium pressure, equilibrium temperature
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and gas composition of NHj3;-H,O-LiBr ternary mixture for its application in
industrial absorption chillers and heat pumps. Me et al. [87] investigated the
relationship of coefficient of performance (COP) of a lithium-bromide absorption
chiller with solution concentration of LiBr/H20. Papaefthimiou et al. [88] developed
a mathematical model for analyzing the heat and mass transfer process of LiBr-H20
absorption on a horizontal tube, and a good agreement with the test data was
obtained. Lucan et al. [89] added formats and lithium-nitrates in the lithium bromide
solution and analyzed the effect of generation temperature, condensing temperature,
and evaporation temperature on system performance. This action was found to

increase the COP by 30% and the solution circulation rate to decrease by 12%.

In recent years, finding ways to improve absorption-system efficiency has been a
great challenge for researchers [3, 59, 78] .Works have mainly focused on inventing
new or hybrid cycles, finding new working fluids and improving the heat and mass
transfers of the absorption refrigerator. The performance of absorption cycles are
attributed to the thermodynamic properties of the working pairs which consist of the
refrigerant and the absorbent. Most commonly used working pairs are ammonia +
water solution (NH3+H20) and aqueous solution of lithium bromide (H20+LiBr).
However, Zhang and Hu [90] have identified corrosion, crystallization and toxicity
as inevitable weaknesses of these working pairs. The need for working pairs not
susceptible to these weaknesses has become the focus of research. In this study, we
have used LiCI+H20 as a working pair in the absorption cycle, for the aim of a
comprehensive study and optimization. The studied working pairs have the
advantages of availability and environmentally friendly and are suitable for moderate
temperature applications [36]. LiCI/H20 is preferred over LiBr/H20 for the reason

of cost and long-term stability while it is preferred over CaCl2/water for its better
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hygrocopic properties leading to better cycle performance [91]. Furthermore the
small chemical potential of LiCl relative to LiBr leads to a larger absorber area and
shows a larger performance reduction than LiBr [92]. A detailed review of
Thermodynamic properties of (LiClI/H,O) can be seen in the work of Patek and
Klomfar [93].

6.2.1 The Performance Simulation

Figure 6.1 presents the schematic of the single effect absorption refrigeration.

Qe . Or
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11 G
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Qk v O,
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Figure 6. 1. Schematic diagram of absorption refrigeration. A — Absorber, C —
Condenser, E — Evaporator, G — Generator, HX — Solution heat exchanger, P —
Pump, v — Valve.

6.2.2 Assumptions
The following assumptions are made through simulating the thermodynamic

performance of the absorption refrigeration cycle [90, 94]:

I.  The entire system runs under steady state conditions
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I1I.

IV.

VL

VIL

VIIIL.

Solutions leaving the generator and the absorber are at a saturated liquid
temperature

Refrigerant leaving the condenser is in a saturated liquid phase

In the whole cycle, pressure losses are neglected

Throttling valves is an isenthalpic device

(6)Temperature difference between the cold and hot streams at the cold end
of solution heat exchange (HX) is 10 °C

(7)The consumption of mechanical energy by the pump is negligible.

(8)The difference of the concentration between the strong and weak solutions

is 5% (wt%, LiCl or LiBr).

6.2.3 Mass and Energy Balance Equations

Mass and energy balance equations for any component in the cycle for the aim of

thermodynamic cycle performance simulation are given as follows:

Generator

mp=m;+mj (6.1)
My X,=M3X3 (6.2)
Qgen= mzhz+m;hy-moh, (6.3)
P3=P(T3,x3) (6.4)
Condenser

m;=my (6.5)
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Qcon :mlhl_m4h4 (66)

P,=Py(T4) (6.7)
Evaporator

ms=mj (6.8)
Qgen= mghe - mshs (6.9)
Ps=Py(Ts) (6.10)
Absorber

m;=mg+my (6.11)
MgXg=M7X7 (6.12)
Quabs= mghgtmghg—msh; (6.13)
P7=P(T7,x7) (6.14)

Solution Heat Exchanger

mzhsz+mohg=myhy+ mjhyo (6.15)
Tio= To+10 (6.16)
m; =1 kg/s (6.17)

The saturation pressure of water and working solutions (H20 + LiBr or H20 + LiCl)

are shown respectively with Py(T) and P(T,x).
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A computer program has been developed using Engineering Equation Solver (EES)
[95] to carry out the thermodynamic analysis of the absorption chiller cycle. For the
previously mentioned properties, we have used the available date in the library of

EES Software.

By applying the mass, energy and phase balance equations around any element in the
cycle, and by utilizing the above stated assumptions, the heat load of the generator,
absorber, evaporator and condenser, the concentration of strong and weak solution

and flow rate ratio were obtained.

The coefficient of performance, COP, exergetic efficiency, ECOP, which is based on

the second law of thermodynamics [96] and the flow rate ratio, F, are defined as

follows:
cop=2 (6.18)
Qg
To To_
Ecop = £ D _ cop eV (6.19)
Qh(1-7p) -7
m2

f=— (6.20)

Ty =298.15 K (Environmental Temperature) (6.21)
Th=Tg +10 K (Heat source temperature) (6.22)

6.2.4 Optimization Method
The results obtained from the mathematical model reveal that the optimum
performance of the absorption chiller cycle depends on the following

design/operating parameters:
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* Condenser temperature

» Evaporator temperature

* Absorber temperature

*Generator temperature

Therefore, the optimum value of the coefficient of performance for the absorption
chiller cycle can be expressed as a function of four design/operating parameters, as

shown in the following equation:

Maximize COP(Tcon, Teva, Tans, Tgen) (6.23)
Subject to: (6.24)
30 <Teon( °C)< 45

5 <Tua(°C)< 15
25 <Ts (°C)< 40

70 <Tyen(°C)< 95

Using direct search method and applying the constraints on each variable by setting
the bounds, the performance of the whole cycle is optimized by the EES software
from the viewpoint of quantity of produced distilled water. The direct search method
is based on a successive search intended to find an extremum by directly comparing
function values at a sequence of trial points without involving derivatives. This
method is deemed suitable for problems involving simulation-based optimization or
optimizing non-numerical functions, as well as, in practice, problems involving non-

smooth or discontinuous functions [97].
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6.2.5 Model Validation

For validating the models developed for the single-effect absorption refrigeration

cycle the theoretical data given by Kaushik and Arora [98] and Yari et al.[94] are

used.

The results of comparisons are shown in Table 6.2, which indicate that there is a

good agreement between the present work and numerical data reported in the

literature.

Table 6. 2. Comparison of results obtained in this work with numerical data given by
Kaushikand Arora [98] and Yari et al.[94]for single-effect absorption refrigeration
cycle using LiBr/H20 as working pair

Difference | Difference
. . percentage | percentage
Component Kaushik Yari et al. Present (%) with (%) with
and Arora [99] work
[98] data data
available in | available in
[98] [94]
Q(kW) Q(kW) Q(kW) Q(kW) QkW)
Generator 3095.7 3092 3087 -0.28 -0.16
ABS 2945.27 2943 2960 0.5 0.57
Evaporator 2355.45 2355 2349 -0.27 -0.25
Condenser 2505.91 2506 2476 -1.19 -1.19
HE 518.72 522.6 516 -0.52 -1.26
COP 0.7609 (-) | 0.7615(-) | 0.7609 (-) 0 -0.07

Input parameter values: ( Tgen= 87.8 oC, Tevap=7.2 OC, Taps=Teone=37.8 °C, enx= 0.7,

m~1 kg/s)

6.2.6 Results And Discussion

Figs 6.2-6.9 demonstrate the results of absorption chiller using (H20 + LiBr) and

(H20 + LiCl). Fig 6.2 shows coefficients of performance versus evaporator

temperature for both working pairs. (H,O + LiCl)’s performance is approximately




equal to (H,O + LiBr). Moreover, for both pairs the coefficient of performance will

increase with the increase of evaporation temperature.
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Figure 6. 2. Effect of Evaporator Temperature on COP

The variation of ECOP with the evaporation temperature for two working pairs is
shown in figure 6.3. The evaporation temperature’s effect on COP and ECOP are
completely different from each other which are very interesting and are in agreement
with the results available in literature [79, 96]. The COP will increase with the
increase of Teya while ECOP will decrease with the increase of Teya. The reason for
the difference between COP and ECOP is that the former only takes account of the
quantity of the heat, but the latter not only takes account of the heat but also of
quality of the heat. In other words, the cooling load of Q.y, and the temperature level
of Tey, are all important for the refrigeration process, namely, the lower the Ty,, the
higher quality of cooling load Qcy, is. This was why the ECOP will decrease with the

increase of Tey,. It was also discovered that the ECOP for working pair H,O + LiCl is
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slightly higher than that for H,O + LiBr (5-6%). This is an advantage for
(H,O + LiCl).
0.32 1
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0.28 .
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Teon= 40[c], Taes=35]c] 0
0.22+ ‘\\v .
v
0.2 — ] '
5 6 7 8 9 11 12 13 14

10 |
[c]

Teva

Figure 6. 3. Effect of Evaporator Temperature on ECOP

Figure 6.4 demonstrates that the generation temperature for (H,O + LiCl) is lower

than that for (H,O + LiBr), which designates that absorption chiller using

(H20 + LiCl)as working fluid can be driven by lower temperature level waste heat

under the same operating conditions. Moreover, the generation temperature will

decrease with the increase of the evaporation temperature.
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Figure 6. 4. Effect of Evaporator Temperature on Generator Temperature

According to Figures 6.5 and 6.6, the concentration of strong solution and flow rate
ratio, f, for (H,O + LiBr), are both higher than those for (H,O + LiCl), and they both
decreased with the increase of the evaporation temperature. It is obvious that having
smaller flow ratio for a working pair is a major advantage from the view point of

performance and lesser amount of mechanical power losses [3, 59, 70].

Fig.6.7 shows the flow ratio variation with respect to the generator outlet
temperature. The generator outlet temperature rises with the increment of flow ratio
due to a decrease in the mass fraction of the weak solution. Equation (5.9) can be

rewritten to yield Equation (6.25) [70].

Qgen/mr: f(h3 _h2) - h3 + hl (6258.)

Qgen/m; = hs (f— 1) + h; — fhy (6.25h)
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Figure 6. 5. Effect of Evaporator Temperature on concentration of strong solution
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Equation (6.25a) shows that a smaller flow ratio results in less heat input to the
generator for the same amount of cooling at the evaporator, which would increase

COP [70] (Far ahead shown in fig f-COP).

These results are in agreement with that shown figs 6.4 and 6.6.
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T
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Figure 6. 7.Flow ratios of the absorption system with respect to the generator outlet
temperature using (H20 + LiBr) and (H20 + LiCl)

Fig 6.8 examines the COP trends against the recirculation flow ratio for different
condenser and evaporator temperatures and for equal evaporator temperature ranges
of 5-15°C. As is seen, the COP decreases in all cases as the recirculation flow ratio
increases. This is because when the evaporator temperature increases, the minimum
system pressure will increase and the strong solution concentration will decrease by
decreasing the flow ratio. (According to fig 5.5) The lower flow ratio results in a

higher absorption heat capacity and a higher COP.
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Coefficients of performance for both working pairs are approximately equal to each

other while (H,O+LiCl) owns less magnitude of flow ratio.
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Figure 6. 8. Effect of flow ratio on COP for different conditions

It can be seen in Fig 5.8 that as the absorber temperature is increased, the COPs of
both pairs decrease and flow ratio increase very rapidly. A similar behavior is

observed as condenser temperature is decreased.

Fig 6.9 shows the variation of COP with the generator temperature under different
condenser temperature and equal evaporator temperature ranges of (5-15)°C
conditions. The COP of the system decreases as T, increases for both working
pairs. Increasing the generator temperature Ty, tends to decrease the COP at
constant condenser temperature. At the same working conditions, COP of the system
utilizing H20+LiBr is (0.6-0.8%) more than that of H20+LiCl. But on the other

hand the desirable generator temperature for the H20O+LiCl is (2-2.5)°C less than that
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of H20O+LiBr. Our results for H2O+LiBr are in agreement with those reported in the

literature[100].
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Figure 6. 9. Relationship between COP and generator temperature under different
condenser temperature and equal evaporator temperature

6.2.7 Optimization

Using the direct search function in the EES software, the coefficient of performance
of the absorption chiller cycle is optimized with respect to the condenser, evaporator,
absorber and generator temperatures for the two cases using (LiBr+H20) and

(LiCl+H20) working pairs. The results are outlined in Tables 6.3 and 6.4.
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Table 6. 3. The results of optimization for maximum coefficient of performance of
the absorption chiller cycle using (LiBr-H20)

Ta© | Teon©) | To© | Tenlo) f COP | ECOP
25 30 15 46.24 8.952 0.9016 0.3299
30 30 15 53.78 9.996 0.8848 0.2668
35 30 15 60.57 10.75 0.8645 0.2263
40 30 15 66.78 11.36 0.8436 0.1979

Table 6. 4.The results of optimization for maximum coefficient of performance of
the absorption chiller cycle using (LiCl-H20)

Tabs(c) Teon(c) Teva(c) Tgen(c) f COP ECOP
25 30 15 46.26 6.08 0.9015 0.3299
30 30 15 52.61 7.059 0.8788 0.2723
35 30 15 58.25 7.873 0.8569 0.2347
40 30 15 63.49 8.627 0.8376 0.2078

As the Tables indicate the optimum mass flow ratio for maximum coefficient of
performance is higher for the case of (LiBr+H20O) compared to that for the
(LiCl+H20). Also, with increasing Tqs, the coefficient of performance and exergetic
efficiency decreases as expected. A comparison between Table 6.3 and Table 6.4
reveals that when the (LiCI+H20) is employed as a working fluid, the maximum
coefficient of performance is slightly less than (1.5-2%) that when (LiBr+H20) is
used. However, regarding the smaller crystallization risk, the former maybe preferred
in spite of the difference in the performance criterion.

6.3 Conclusion

In the first section of this chapter, a number of researches about working fluids of
absorption cycles, which contain absorption heat pumps, absorption chillers, and
absorption heat transformers including ionic liquids, were reviewed. Using ionic

liquids as the working fluids of absorption cycles can lead us to benefit from factors
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such as less crystallization, less corrosion, low toxicity, and non-flammability in

comparison with conventional working fluids.

In the case of absorption chiller using (HO+LiCl) the major conclusions drawn from

the simulation are as follows:

1. Under the same condensation and absorption temperatures, the generation
temperature of refrigeration cycle for H,O + LiCl was somewhat lower than that for
H,0 + LiBr, so it was possible that the absorption chiller was driven by lower

temperature level waste heat by means of adopting H,O + LiCl as a working fluid.

2. At the same condensing and absorbing temperature, the simulating results

indicated that the temperature was lower than that for H,O + LiBr.

3. The exergetic efficiency ECOP for H,O + LiCl was somewhat higher than for

H,O + LiBr and they will all decrease with the evaporation temperature Teya.

4. The concentration of strong solution and flow rate ratio, f, for (H,O + LiBr), are
both higher than those for (H20 + LiCl), and they both decreased with the increase

of evaporation temperature.

5. The results show that the coefficient of performance of the absorption chiller,
using (H,O + LiBr) at the optimum conditions is around 1.5-2% higher than that of

(H,O + LiCl).

6. As the absorber temperature is increased, the COPs of both pairs decrease and
flow ratio increase very rapidly. A similar behavior is observed as condenser

temperature is decreased.
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7. At the same working conditions, COP of the system utilizing H2O+LiBr is (0.6-
0.8%) more than that of H20+LiCl. But on the other hand the desirable generator

temperature for the H20+LiCl is (2-2.5)°C less than that of H20O+LiBr.
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Chapter 7

CONCLUSION

The present work investigated the role of different cyclic configurations of AHTs on
the COP of the cycles, gross temperature lift, flow fraction (of the refrigerant and
absorbent) and the amount of distilled water for combined systems of AHT-
desalination and AHT-cogeneration-desalination. Furthermore, the effect of
alternative working pairs on the performance of absorption cycles was also
examined. A thermodynamic model was developed, in which, energy balance was

established for each component of the mentioned systems.

Based on the analysis and the optimization of results, following major conclusions

are drawn:

Configuration 4, in which all the other configurations have been put together, has the
maximum COP value and configuration 2, wherein the feed heat is directed firstly to
the evaporator and then generator has the lowest COP value amongst the four
configurations.

The lower the condensing temperature is, the higher the COP or available
temperatures lift will be.

The higher the generation or evaporation temperature is, the higher the absorption
temperature and corresponding gross temperature achieved.

Crystallization possibility within the basic configuration is higher than other

configurations.
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Configuration 1 has the highest flow rate ratio among all the configurations.

As heat source temperature is raised, the utilized heat for desalination purpose, the
COP of the AHT and the pure water production rate are decreased.

The order of the utilized heat capacity and hence the pure water production rate’s
order for different configurations are as follows: configuration 4 > configuration 3 >
configuration 2 > configuration 1.

Distilled water mass flow rate increases with the increase in COP.

Configuration 4 owns the lowest exergy destruction which is a major advantage for

it.

And finally it was shown that LiCl+H,O can be an acceptable working pair in

absorption cycles.
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